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Summary 
 
Anthropogenic activities, such as mining of natural resources, manufacturing 
industries, modern agricultural practices and energy production, have resulted in the 
release of heavy metals with resultant harmful impacts in some natural 
environments. Toxic heavy metals are harmful to living organisms even at low 
concentrations whereas heavy metals that are essential trace elements are required by 
plants at low concentrations but can become toxic at high concentrations.  Heavy 
metals do not decompose into less harmful substances and are retained in the soil 
and thus it is important that heavy metal contaminated sites are remediated. 
Bioremediation of contaminated soils shows potential over conventional approaches 
as it is economical and does not produce harmful by products. Plant growth 
promoting rhizobacteria (PGPR) can improve plant growth via a variety of 
mechanism including fixing atmospheric N to improve N status and making plants   
more tolerant of heavy metals. 
 
Experiments were undertaken to observe if Bradyrhizobium japonicum CB1809 
could improve the tolerance of soybean and sunflower to As, Zn and Ni in solution 
culture and to investigate the probable mechanisms by which B. japonicum promotes 
plant growth. Increased root biomass was observed in inoculated compared to non-
inoculated soybean plants in the presence of high As. In the B. japonicum inoculated 
soybean plants the auxin and siderophore concentrations in the root zone were 
increased significantly in presence of As. Also in presence of the bacteria, Fe 
concentration in both roots and shoots of soybean plants was increased significantly. 
There was an increase in the proportion of active nodules with potential N fixing 
capacity in B. japonicum inoculated soybean plants in presence of As. In sunflower 
plants, there was no effect of bacteria on the biomass in presence of As or Zn and a 
significant decrease of roots and shoots in Ni-treated compared to untreated plants. 
There was a significant increase of siderophore concentration in As-treated compared 
to control plants and a significant As by bacterial inoculation interaction effect on Fe 
concentration with decreased Fe concentration in inoculated As treated plants. A 
significant increase in root auxin concentration was observed in inoculated compared 
to non-inoculated plants with a significant As by bacterial inoculation interaction 
effect.  
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Multiple natural stresses are often present in soils and so tests were also carried out 
to study if B. japonicum CB1809 was able to improve the tolerance of soybean to the 
collective stresses of As and salinity in solution culture and to investigate any possible 
mechanism for growth promotion. There was no significant change in plant biomass 
when the stress factors of As and NaCl were applied separately. Also the total number 
of root nodules decreased in presence of both stresses.  But when both of these 
stresses were applied together, there was no production of root nodules in the plants 
and so an additive and synergistic interaction of As and NaCl were observed on the 
activity of B. japonicum.  
 
In conclusion, B. japonicum has good PGPR properties in As contaminated plants 
and but should little growth promoting effect on Zn, Ni or salinity treated plants. 
However there remains a limited understanding of the relationship between the real 
environment and the effects of these stress factors on plants that grow in nature. 
 
 
Keywords: Plant growth promoting rhizobacteria (PGPR), heavy metal, arsenic, 
zinc, nickel, bioremediation, soybean, sunflower, solution culture.  
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Chapter 1 
Background 
 
1.1 General introduction 
 
Anthropogenic activities, such as mining of natural resources, manufacturing 
industries, modern agricultural practices and energy production, have led to harmful 
impacts in some natural environments. One of the environmental problems caused 
by industry is an increase in the concentration of heavy metals in the air, land and 
water. Pollution of the biosphere by heavy metals is a global hazard that has 
accelerated since the beginning of the industrial revolution (Khan et al., 2009) by the 
spillage and disposal of waste materials. Heavy metals released from different sources 
accumulate in soil and, where bioavailability is high enough; can adversely affect soil 
biological functioning and other properties, leading to the loss of soil and ecosystem 
fertility and health.  
 
In this thesis, heavy metals refer to both essential and nonessential metals and 
metalloids. Heavy metals that are necessary for living organisms at low 
concentrations can become toxic at higher concentrations (Ersoy et al., 2004). Toxic 
heavy metals are those which are not essential for life and are thus often toxic at 
lower concentrations than essential heavy metals (DEFRA, 2002, WHO, 2000). 
Heavy metals can enter organisms via direct soil ingestion, inhalation, dermal contact 
and intake through food and water (Ersoy et al., 2008).  
 
Accumulation of heavy metals in soil is of concern to the agricultural production 
sector because of the potential threat to food quality and quantity as a result of 
increased absorption of heavy metals by plants (Nagajyoti et al., 2010). Agricultural 
exports are internationally marketed on the basis of environmental safety and 
sustainability and so regulating heavy metal contamination is an important issue 
(McLaren et al., 2003, McLaren et al., 2004, McLaughlin et al., 2000, Speir et al., 
2003, Warne et al., 2008a, Warne et al., 2008b, Zarcinas et al., 2004).  
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Heavy metals cannot be biologically degraded, and hence, persist in the environment 
indefinitely (Khan et al., 2009). When the concentration of heavy metals in the 
ground is sufficiently high for the land to become classified as contaminated this then 
necessitates remedial action. Conventional methods used for remediation of heavy 
metal contaminated soils, such as heavy metal extraction, immobilization and 
removal of soils to landfill, produce large quantities of toxic products such as 
insoluble hydroxides and are rarely cost effective (Baker et al., 1994, Gadepalle et al., 
2007, Sharma, 2012). However, the advent of bioremediation technologies like 
biosparging, bioventing and bioaugmentation has provided an alternative to 
conventional methods for remediating heavy metal contaminated soils (Muehlberger 
et al., 1997, Lee and Swindoll, 1993, Niu et al., 2009). A subset of bacteria found in 
the rhizosphere have been found to increase the tolerance of plants to heavy metals in 
soil (Hong et al., 2011). These bacteria are called plant growth promoting 
rhizobacteria or PGPR (Bhattacharyya and Jha, 2012, Lugtenberg and Kamilova, 
2009, Vessey, 2003, Khan et al., 2009).  The use of these PGPR is showing promise 
as a bioremediation technique for the in situ stabilisation and remediation of heavy 
metal contaminated sites. Using commercially produced rhizobia as growth 
promoting bacteria for bioremediation of heavy metal polluted sites has significant 
potential over more obscure PGPR, since many rhizobia species are already produced 
inexpensively and in large amounts for the inoculation of legume crop and forage 
species (Reichman, 2007). 
 
Chapter 2 discusses the current state of literature in the field including topics such as 
heavy metal bioavailability, bioremediation and plant growth promoting bacteria. 
Chapters 3 and 4 are experimental chapters reporting on the effects of 
Bradyrhizobium japonicum on the tolerance of plants that are exposed to As, Zn and 
Ni in solution culture and the effects of Bradyrhizobium japonicum on the tolerance 
of plants to As and salinity in solution culture, respectively. Chapter 5 covers a 
general discussion, conclusions and future directions of this research. 
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1.2 Scope 
 
Investigating the utilisation of Bradyrhizobium japonicum CB1809 as a plant 
growth-promoting rhizobacterium for use in the remediation and stabilisation of 
heavy metal contaminated and saline sites. 
 
 
1.3 Objectives 
 
1. To determine if Bradyrhizobium japonicum CB1809 improves the 
tolerance of Glycine max (soybean) and Helianthus annus (sunflower) to 
As, Zn and Ni in solution culture. 
2. To determine if Bradyrhizobium japonicum CB1809 improves the 
tolerance of Glycine max (soybean) to the combined stress of As and NaCl 
in solution culture. 
3. To investigate potential mechanisms by which the growth promoting 
effects of Bradyrhizobium japonicum CB1809 occur.  
 
 
 
1.4 Research hypotheses 
 
The hypotheses of this research project were as follows: 
 
1. Bradyrhizobium japonicum CB1809 will improve the tolerance of Glycine 
max (soybean) and Helianthus annus (sunflower) to As, Zn and Ni in 
solution culture. 
2. Bradyrhizobium japonicum CB1809 will improve the tolerance of Glycine 
max (soybean) to the combined stress of As and NaCl in solution culture. 
3. Bradyrhizobium japonicum CB1809 will show potential mechanisms for 
growth promotion. 
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Chapter 2 
Literature review 
 
 
2.1 Heavy metals in soils 
 
Soil is an important resource that produces food and other raw materials for humans. 
However, soil is often a sink for wastes, including heavy metals (Park et al., 2011), 
from a variety of human activities (Han et al., 2001). In a risk based approach, soil 
can be classified as contaminated if the bioavailable concentrations of heavy metals is 
high enough to cause harm directly or indirectly to humans, animals, plants, water 
quality, the wider ecosystem, buildings and or construction materials (DEFRA, 2002, 
USEPA, 2001). 
 
Some heavy metals are essential for living organisms at lower concentrations e.g. Co, 
Cu, Cr, Mn and Zn and are known as trace elements or micronutrients (Vodyanitskii, 
2013, Park et al., 2011). The term toxic heavy metal includes those elements that are 
nonessential such as Cd, Pb, Ba, Hg, Sb, Tl, As and U (DEFRA, 2002, WHO, 2000, 
Park et al., 2011). 
 
Heavy metals are emitted into the soil environment through anthropogenic and 
geogenic processes (El-Nahry and Doluschitz, 2010). In nature, heavy metals 
commonly occur in soil parent materials (Dhillon and Dhillon, 1991, Park et al., 2011) 
and the main natural source of heavy metals in the soil environment is the 
weathering of parent material (Testiati et al., 2013, Park et al., 2011).  
 
 
2.1.1 Arsenic 
 
Arsenic has a crustal average of 1.5-2 ppm (Shenker et al., 2001). The background 
concentration range of As in soil is 1-40 mg/kg (Schallenberg et al., 2012) with an 
average As concentrations in soils of approximately 5 ppm (Shenker et al., 2001). In 
natural soils, high As concentrations are often related to sulfide deposits and their 
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weathering to produce local mineralised soils (Shenker et al., 2001). Anthropogenic 
sources of As contamination in soil include sulfide mining, fossil fuels combustion, 
smelting, use of As containing pesticides and copper chrome arsenate used as a wood 
preservative (Shenker et al., 2001, Rahman et al., 2006). In addition, groundwater 
has been found to be contaminated with As in more than 20 countries including the 
United States of America, China, India and Bangladesh (Rahman et al., 2006) and 
using this water to irrigate soils can create As contamination issues such as leaving 
risks of soil accumulation of the toxic element and  possible exposure of As 
contamination to the food chain through plant uptake and animal consumption (Huq 
and Naidu, 2005). In Australia, an important source of As contamination comes from 
arsenic-based cattle dips. Arsenical dip solutions were used in the past for cattle tick 
and sheep lice control (McLaren et al., 1998).  
 
2.1.2 Zinc 
 
Zinc has a crustal average of 70 mg/kg (Yadav and Hassanizadeh, 2011) and a 
background concentration range in soil of 10-300 mg/kg (Curie et al., 2009). 
Industrial activities such as mining and smelting (Almas et al., 2006, Almas et al., 
2007, Chen et al., 2009, Degryse and Smolders, 2006, Gutierrez-Ruiz et al., 2007) 
and the long-term application of biosolids to agricultural land (Antoniadis, 2008, 
Collins et al., 2003, Hirsch et al., 1993, Horswell et al., 2006, Kim et al., 2007) are the 
primary sources of anthropogenic Zn in soils. Pollution of alkaline sandy soils, which 
are low in organic matter and clay, with Zn is likely to result in soils with high Zn 
bioavailability and therefore a high risk of plants developing Zn toxicity at relatively 
low total Zn concentrations (Rattan and Shukla, 1984). Zinc toxicity in plants 
however have been far less wide spread than cases of Zn deficiencies (Alloway, 2009, 
Broadley et al., 2007).  
 
2.1.3 Nickel 
 
Nickel has a crustal abundance range of 37-72 mg/kg (Nriagu et al., 1982) and 
background concentration of 16.1-30.7 mg/kg (Gil et al., 2004). Natural sources of Ni 
include serpentine areas in Venezuela, Australia and New Caledonia (Bonifacio et al., 
2010). Smelting, ore refining, mining, combustion of fossil fuels and the long-time 
application of biosolids to agricultural land result in excess Ni being present in soil 
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(Antoniadis and Alloway, 2002a, Antoniadis and Alloway, 2003, Doig and Liber, 
2007, McNear et al., 2007, Tye et al., 2004). Among various industrial operations 
manufacturing of alkaline storage batteries have resulted in an increase in the extent 
of nickel in the environment (McIlveen and Negusanti, 1994). 
 
2.2 Bioavailability of heavy metals in soils 
 
The bioavailable fraction of a heavy metal is defined as that proportion of the total 
pool of heavy metals in a soil that are extractable in a chemical regent and can 
potentially be absorbed by plants (Alloway et al., 1988, Chojnacka et al., 2005, 
Fairbrother et al., 2007, McBride et al., 1997, McLaughlin et al., 2000). Heavy metals 
generally have low solubility and so are mainly in forms that are unavailable for plant 
uptake (Violante et al., 2010). Thus, in natural undisturbed environments, heavy 
metals are rarely present in high enough bioavailable concentrations to cause 
significant toxicity to plants.  
 
Heavy metal bioavailability in soil is related to the solubility of contaminant in that 
soil (Degryse et al., 2009, Hooda, 2007).  However, there is debate as to which 
fraction of heavy metals in soil corresponds to the bioavailable pool (Hooda, 2007). 
Bioavailability has been associated with heavy metal ion activity in the soil solution 
and the exchangeable heavy metal fraction (Hooda, 2007, Violante et al., 2010). 
Nevertheless, there is yet no general consensus among researchers on how to 
measure bioavailability of heavy metals in soil. 
 
Heavy metal bioavailability, rather than total concentration, is important when 
accurately assessing the risk associated with soil contamination (Alloway et al., 1988, 
Gray and McLaren, 2006, McLaughlin et al., 2000, Nolan et al., 2005, Oliver et al., 
2004, Speir et al., 2003). Heavy metals that are present in soils occur in several 
fractions such as the soil solution, exchangeable, organically and colloidally  bound, 
residual and within primary phase of minerals (McBride, 1994). Soil organisms and 
plants are not able to access the entire heavy metal pool in the soil. Among these 
heavy metal fractions, the most available heavy metals and potentially phytotoxic are 
present in soil solution and absorbed to inorganic soil constituents at ion exchange 
sites, with the other heavy metal fractions being not/less available for plant uptake 
(Peijnenburg and Jager, 2003).  
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While an agreed upon method of measuring bioavailability is yet to be determined, a 
significant amount is known about the soil factors that affect the bioavailability of 
heavy metals to plants. Thus, a series of soil properties and processes control 
bioavailability and mobility of heavy metals in the soils with organic matter, soil pH, 
redox potential and clay and oxide content (Chojnacka et al., 2005, Lair et al., 2006, 
Lair et al., 2007, McBride et al., 1997, McLaughlin et al., 2000).  
 
2.2.1 Organic matter 
 
A fundamental component of soil is the organic matter which has originated from 
plants and animals and been set down within the earth’s structural components 
(Sessitsch et al., 2002, McBride, 1994). Organic materials can affect the solubility, 
bioavailability and mobility of heavy metals in soil (Yadav and Hassanizadeh, 2011). 
Organic matter is involved in the release and retention of heavy metals via cation 
exchange and adsorption to organic compounds (McBride, 1994). Studies show that 
adding organic materials to soil can reduce heavy metal bioavailability and mobility 
(Hernandez-Soriano and Jimenez-Lopez, 2012). Generally, stable soluble organic 
heavy metal complexes are not available for plant uptake and heavy metals, especially 
Cu, may be available in lower amounts as a result of complexing with dissolved 
organic carbon (DOC) in soil solutions (Amery et al., 2008, Kalis et al., 2006). 
 
Humic substances are an important component of soil organic matter that can differ 
in molecular weight, composition, cation exchange capacity and solubility (McBride, 
1994). Humic substances are often divided into three major fractions: humic acid, 
fulvic acid and humin based upon solubility in water adjusted to different pH states 
(Senesi et al., 1991, Doig and Liber, 2007). Humic and fulvic acids play an important 
role in the solubility and binding of heavy metals (Tipping, 2005).  Fulvic acid is 
known to increase the ability of soil solutions to complex heavy metals such as Cu 
(Amery et al., 2007, Ashworth and Alloway, 2007, Bolan and Duraisamy, 2003, 
Cattani et al., 2006, Chaignon et al., 2003, Sauve et al., 1997) and Ni (Antoniadis and 
Alloway, 2002b, Ashworth and Alloway, 2004, Doig and Liber, 2007). Nickel ions 
make strong coordinating complexes with organic matter due to its high 
electronegativity which is second to Cu in the soil environment (McBride, 1994). 
Studies that show the effects of organic matter on heavy metal solubility and 
                                                                                                                                                                                
                                                                                                                                                  Literature review 
Chapter 2                                                                                                                                                                                         10                                         
  
bioavailability revealed that heavy metal availability to plants and mobility in soil 
increase because of DOC complexation (Antoniadis and Alloway, 2002a, Antoniadis 
and Alloway, 2002b, Ashworth and Alloway, 2004). For example, organic matter 
affects Zn solubility by the formation of complexes, although Zn competes less 
strongly than Ca, Cu and Ni for binding sites (McBride et al., 1997).  
 
2.2.2 Soil pH 
 
Soil pH is a fundamental variable that controls dissolution, precipitation, ion 
exchange adsorption, redox and other complex reactions within the soil (McBride, 
1994). In the soil solution, pH is involved in the equilibrium between metal 
speciation, solubility, adsorption on colloids and sites available for heavy metal 
exchange and binding (Sauve, 2001, McBride, 1994).  
 
Soil pH has been found to be a major factor that controls Cd and Zn bioavailability 
(Antonladis et al., 2008). Nickel solubility and toxicity in soils has been positively 
identified as related to soil pH and total Ni content (Antoniadis and Alloway, 2002a, 
Antoniadis and Alloway, 2002b, McLaughlin et al., 2000, Rooney et al., 2007). 
Generally as the pH decreases, the solubility and bioavailability of heavy metals 
increases (Schachtman et al., 1997, Fox and Guerinot, 1998). It has been found in 
some studies where CaCl2 extractable Cu method was used, that there was little 
relationship between pH and Cu availability (Sauve et al., 1997). The reason for this 
lack of response to pH was that Cu has a strong affinity for organic matter, which 
dominates Cu bioavailability in most soils (Burton et al., 2005a, Burton et al., 
2005b).  Thus, dissolved organic matter is often a more important determinant of Cu 
bioavailability and solubility than pH (Amery et al., 2007, Amery et al., 2008).  
 
The soil pH has a significant effect on the bioavailability of As. Arsenic bioavailability 
is mostly controlled by adsorption and desorption reactions in soil (McBride, 1994). 
The effect of pH on As adsorption reactions is relatively well understood with acid 
and alkaline soils having less As adsorption to soil colloids and thus greater As 
solubility than more neutral soils (Zhang et al., 2005). With As adsorption the 
variable pH-dependent charges develop on the soil particle surfaces (Goh and Lim, 
2004) and influence As desorption over extended periods of time (Quaghebeur et al., 
2005). 
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2.2.3 Redox conditions 
 
The reduction and oxidation conditions together are referred to as redox conditions. 
Redox reactions are simultaneous processes involving electron transfer from a 
reductant (electron donor) to an oxidant (electron acceptor). Redox conditions in a 
soil have strong effects on the solubility and speciation of heavy metals in solution 
(Cao et al., 2001). However, redox conditions are not uniform in soils as microbial 
processes, oxygen concentration, organic matter and pH influence redox conditions. 
In particular, redox conditions are known to have significant impacts on Mn, Fe, Cr, 
Sb and As speciation as these elements change their redox state depending on the 
environmental conditions (Borch et al., 2010, Hopkinson and Barbeau, 2007).  Many 
of these elements are more toxic and mobile in their most reduced form e.g. As(III) 
and Mn(II) while others are more toxic in their oxidised form e.g. Cr (VI) (Horswell et 
al., 2006, Oorts et al., 2008, Finnegan and Chen, 2012). Iron and Mn are the most 
common oxides in soils and they become increasingly soluble under reducing 
conditions.  Zinc, Ni, Cd and Cu however are mostly present in the divalent form in 
soils; as the monovalent forms are greatly unstable and so these metals are not 
significantly reduced under low redox conditions (Whitehead, 2000). Hence, redox 
conditions are considered to play a smaller role in the solubility and bioavailability of 
Zn, Ni, Cd and Cu compared to heavy metals with multiple redox states such as As, 
Mn and Cr (Moraghan and Macagni Jnr, 1991). 
 
2.2.4 Clays and oxides 
 
Clays and oxides are accepted as an important mechanism for controlling the 
solubility of trace metals (McBride et al., 1997). Clays and oxides control metal 
availability by specific adsorption to hydroxyl groups (Pampura et al., 1993), non-
specific adsorption to a large number of available binding sites (Basta and Tabatabai, 
1992), co-precipitation (Martinez and McBride, 1998) and precipitation (Martinez 
and McBride, 1998). The clay fraction is typically the most influential for cation 
adsorption reactions, due to the high concentrations of clays in many soils, high 
surface area and hydroxyl groups present on clay surfaces (McBride, 1994). 
Adsorption in soil commonly takes place on the surfaces of clays and oxides. 
Increasing clays and oxides in soil therefore supplies more sites for adsorption of 
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heavy metals and so reduces the bioavailability of heavy metals (Barrow, 1993, Qiao 
and Ho, 1996). 
 
2.3 Rhizosphere processes 
 
The rhizosphere is the volume of soil that is affected by the presence of roots from 
growing plants and generally extends out 1-2 mm from the surface of roots (Gregory, 
2006). The rhizosphere has physical, biological and chemical properties that are 
different to the bulk soil. Due to the microenvironment that the plant root creates, the 
rhizosphere has a range of different characteristics to the bulk soil for example larger 
microbial biomass, altered pH, higher dissolved organic carbon from root exudates 
(Jones, 1998, Jones et al., 2009). Much of the research on the rhizosphere has 
focused on the nutrition of plants and macronutrients including N, P and C cycling 
(Gregory, 2006, Jones et al., 2004).  However, there has also been significant recent 
rhizosphere research on heavy metals and pollution (Khan et al., 2009). 
 
Compared to the bulk soil, the rhizosphere is relatively rich in nutrients due to the 
loss of up to 40% of plant photosynthates from roots into the surrounding soil 
medium (Lynch and Whipps, 1991). The importance of rhizosphere microbial 
populations for maintaining root health, nutrient uptake and tolerating 
environmental stress is now recognized (Bowen and Rovira, 1999, Cook, 2000). The 
rhizosphere has many characteristics.  
 
In the rhizosphere, plant roots release a broad range of organic compounds such as 
phytosiderophores, which are mostly non-protein amino acids (Marschner, 1995, 
Muller et al., 1993). Siderophores are mainly synthesized by some microorganisms to 
solubilize iron under iron deficient conditions (Haas and Defago, 2005, Reid and 
Hayes, 2003) also to solubilize other metals (Zn, Cu, Cd) (Zhang et al., 1991, Zhang, 
1993, Zhang et al., 2001). By a specific receptor, the bacteria incorporate the iron 
siderophore complex (Buysens et al., 1996). Phytosiderophores released into the soil 
augment the ability of plants to develop under Fe limiting conditions (Marschner, 
1995).  
 
Phytohormones are synthesized by both plants and microorganisms in the 
rhizosphere and result in larger biomass of roots in plants (Steenhoudt and 
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Vanderleyden, 2000). Phytohormones cover a wide range of chemicals including, 
auxin, cytokinin, indole-acetic acid, and gibberellin. Among them, auxins are the 
most common phytohormones that are known to be involved in the stimulation of 
roots and enhancement of plant growth (Bloemberg and Lugtenberg, 2001).  
 
2.3.1 Rhizosphere pH changes 
 
The pH of the rhizosphere can vary from the bulk soil by up to 2.5 units depending 
upon plant species and the buffering capacity of the soil (Fox and Guerinot, 1998). 
The pH of the rhizosphere is different to the bulk soil due to the excretion of 
hydrogen, bicarbonate salts and organic acids by plant roots to balance the internal 
charge difference in plants from cation and anion uptake by roots and due to CO2  
production from microbial activity (Jones et al., 2004). 
 
2.3.2 Role of rhizobia and other microbes 
   
Rhizobia are bacteria that form symbiotic associations with legumes and are 
responsible for the fixation of N from the atmosphere into forms accessible by plant 
roots e.g. NH4+ (Sessitsch et al., 2002). Consequently, legumes absorb more cations 
than anions and, thus, acidify the surrounding rhizosphere (Gregory, 2006). Nitrogen 
assimilation by rhizobia results in changes of pH and increases heavy metal solubility 
and bioavailability where the symbionts exist (Chaudri et al., 2008, Kopittke et al., 
2007).  
 
Research was carried out in the rhizosphere of Ni accumulating plants and plants 
grown on serpentine soils (Elaziz et al., 1991, Idris et al., 2004, Ma et al., 2009). The 
findings were that the rhizosphere bacteria increased plant availability of Ni by 
increasing Ni accumulation via the production of siderophores. The siderophores 
induced the dissolution of minerals carrying Ni and thus promoted shoot and root 
biomass indirectly (Ma et al., 2009, Wenzel et al., 2003).   
 
Among other microbes in the rhizosphere are mycorrhiza which are mutualistic 
associations between certain soil fungi and the roots of most plant species (Brundrett 
et al., 1996). Research has found that mycorrhiza assist in nutrient uptake at lower 
concentrations of metals (Arines and Vilarino, 1989). Also mycorrhiza are able to 
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reduce metal uptake and in some cases increase plant metal tolerance under 
conditions of metal contamination (Weissenhorn et al., 1995). For instance, 
mycorrhizal Trifolium pratense (red clover) plants grown in acid soils  with high Mn 
bioavailability had less Mn in the roots and the shoots than non-mycorrhizal plants 
(Arines et al., 1989). Also mycorrhizae are able to make plants more tolerant of 
metals when grown in soils containing high heavy metals concentrations (such as Zn, 
Cu, Mn, Ni, Cr) (Bucking and Heyser, 1994, Denny and Ridge, 1995, Leyval et al., 
1997). Possible mechanisms by which mycorrhizae deal with excess metals include 
the immobilisation of metals in the fungal hyphae or in root tissue (Hildebrandt et 
al., 1999). 
 
2.4 Heavy metal uptake and transport 
 
Heavy metals (such as Fe, Cu, Mn, Zn and Ni) are absorbed passively by plant roots 
via ion channels (Weis and Weis, 2004). The mechanism for uptake is largely defined 
by the electrochemical gradients that apply to the transport of a specific nutrient 
(Reid and Hayes, 2003, Reid, 2001).  
 
A number of selective transport pathways for heavy metals into plants are now being 
discovered. For instance, iron bound to phytosiderophores can be transported by 
Yellow stripe1 (YS1) across the plasma membrane (Roberts et al., 2004). Yellow 
stripe1 gene synthesizes Fe(III)-Phytosiderophore (Fe-III-PS) transporter in maize 
(Zea mays). Also YS1-like (YSL) family of transporters can mobilize Zn and Cu from 
plant leaves and seeds (Curie et al., 2009). 
 
Non-selective channels transport Ca2+ across the root membrane, and it is 
understood that the uptake of other metals at normal soil solution concentrations 
occur via this pathway (Reid et al., 2003). Competition between cations at the surface 
of the root shows that non-selective channels facilitate the absorption of essential and 
non-essential metals (Reid and Hayes, 2003). As a result, under conditions of 
elevated heavy metals, competition for the transport sites leads to favouring the 
absorption of heavy metals over macronutrients, thus inducing or exacerbating 
deficiencies of nutrient cations (Palmer and Guerinot, 2009, Reid and Hayes, 2003, 
Welch, 1995).  
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Plants that have Fe deficiency are sometimes found to have higher Zn and Mn 
concentrations as well (Conte and Walker, 2011). In Arabidopsis, root membrane 
protein IRT1, a general cation transporter, enhances Zn and Mn uptake (Vert et al., 
2002). A number of transporters are responsible for Fe uptake from soil. This 
involves transporting from the roots to shoots, transporting to generative parts of 
plant, xylem unloading, mobilization when seed germination occurs and loading-
unloading of Fe from vacuoles. The Fe transporters ZmYS1 and OsYSL15 are able to 
move additional metals other than Fe such as Cu, Zn and Ni (Conte and Walker, 
2011). 
 
There are two strategies that plants use for Fe uptake: strategy I and strategy II.  
Strategy I plants utilize acidification & reduction reactions to improve Fe solubility 
and most of these plants belong to the non-grasses. Secreting protons into the 
rhizosphere lowers the soil pH, and thus, increases Fe solubility. The strategy I 
mechanism also effects co-suspension of As from Fe oxides or hydroxides. This 
makes As more soluble and available to plants (Fitz and Wenzel, 2002). Strategy II 
plants excrete phytosiderophores (PS) which solubilise and bind soil Fe (von Wiren et 
al., 2000). Strategy II, is utilised by grasses to obtain Fe from soil (Conte and Walker, 
2011). Strategy II plants utilizes a chelation mechanism that is utilised by several 
bacteria and fungi (Conte and Walker, 2011). An example of a phytosiderophore is 
mugineic acid which is secreted by Fe deficient graminaceous plants (Suzuki et al., 
2006). In addition to Fe, phytosiderophores have been shown to mobilize and 
increase uptake of Zn and Cd in the rhizosphere of graminaceous plants (Shenker et 
al., 2001). This strategy takes place to adapt to alkaline soils wherever rhizosphere 
acidification becomes hard to happen. The phytosiderophores are strong Fe 
chelators. These are amalgamated by the plant and secreted into the rhizosphere and 
there they bind with Fe. Root cells take up these Fe-PS complexes into via 
transporters that are specific to the Fe-phytosiderophore complex (Conte and Walker, 
2011).  
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Figure 2.1: Iron uptake systems of plant roots. Grass and non-grass species acquire 
iron from the soil through the plasma membrane (PM) of their root by two different 
strategies (Strategy I and Strategy II, respectively). Strategy I plants reduce Fe(iii) to 
Fe(ii), which is then transported across the plasma membrane by the Iron-regulated 
transporter 1 (IRT1). Strategy II plants release Fe(iii) chelating siderophores and then 
transport Fe(iii)–siderophore complexes across the plasma membrane using Yellow 
stripe 1 (YS1) transporter (adapted from (Guerinot, 2001)) 
 
 
 
 
2.5 Heavy metal toxicity in plants 
 
The most common evidence of heavy metal toxicity is a decrease in plant growth as 
metal toxicity increases. However, as various heavy metals have diverse sites of action 
within plant, the visual toxic response differs among heavy metals and plant species. 
From Table 1 it can be seen that the critical tissue concentrations for toxicity vary 
considerably across metal, species, and the plant tissue being measured. 
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Table1: Critical concentrations for As, Zn, Ni, Cu and Mn toxicity in a variety of 
species    
Heavy Metal Species Plant part Critical toxicity  
(mg. kg-1) 
Reference 
 
 
 
As 
Glycine max 
(soybean) 
Shoot 299 (Cao et al., 2009) 
Helianthus annus 
(sunflower) 
 100 (Lyubun, 2002) 
 
 
 
Zn 
Glycine max 
(soybean) 
Leaves 229 (Borkert et al., 
1998) 
Helianthus annus 
(sunflower) 
Leaves 190 (Khurana and 
Chatterjee, 2001) 
 
 
 
Ni 
Glycine max 
(soybean) 
Shoot 52 (Kukier and 
Chaney, 2004) 
Helianthus annus 
(sunflower) 
Leaves 40 (Ahmad et al., 
2011) 
 
 
 
Cu 
Glycine max 
(soybean) 
Shoots 140 (Borkert et al., 
1998) 
Vigna mungo 
(blackgram) 
Roots 41 (Kalyanaraman 
and 
Sivagurunathan, 
1993b) 
 
 
 
Citrullus lanatus 
(watermelon)  
 
Leaves 1324 (Elamin and 
Wilcox, 1986) 
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2.5.1 Arsenic toxicity  
 
Arsenic is not essential for plants and appears not to be involved in specific metabolic 
reactions when supplied at low concentrations (Zhao et al., 2009, Abedin et al., 
2002). Naturally, As may be present in four oxidation states -3, 0, +3 and +5  
(Hughes et al., 2011). The major forms of As in the soils are arsenate (As(V)) and 
arsenite (As(III)) (Shenker et al., 2001) with the latter having greater toxicity to most 
species including plants (Finnegan and Chen, 2012, Caldwell et al., 2006). The 
symptoms of As toxicity in plants frequently include poor seed germination and 
reductions in root growth (Garg and Singla, 2011). These effects may relate to rapid 
disruption of plasma membrane structure, including fluidisation (Smith et al., 2010). 
At higher concentrations As has been reported to interfere with metabolic processes 
and sometimes lead to plant death (Tripathi et al., 2007). Where plants survive high 
As exposure, they may show reduced growth, nutrient deficiencies and chlorosis, 
resulting from reduced chlorophyll biosynthesis (Mascher et al., 2002, Singh et al., 
2006), as well as reduced photosynthetic oxygen evolution (Ullricheberius et al., 
1989). Critical concentrations of As in shoot tissue range from approximately 21 to 
325 µg/g depending on the species and cultivar (Shaibur et al., 2008). 
 
2.5.2 Zinc toxicity 
 
Symptoms of Zn toxicity include a general chlorosis of younger leaves where Zn is 
present in toxic concentrations in the soils (Reichman et al., 2001) and an overall 
decrease in leaf size compared to the plants which are unaffected (Broadley et al., 
2007). Chlorosis is the first typical symptom of Zn toxicity (Reichman et al., 2001). 
Under further exposure to toxic Zn levels plant symptoms develop into reddened 
leaves and in severe cases Zn toxicity can lead to necrosis of the tip of the leaf 
Mn Glycine max 
(soybean) 
Blade3 160 (Ohki, 1976) 
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(Marschner, 1995). Reduction in the growth of main, lateral roots and yellowing of 
the root is how Zn toxicity is manifested in roots (Broadley et al., 2007). Critical 
toxicity concentrations of Zn in crop leaves are between 100 µg/g to >300 µg/g 
depending on the species (Marschner, 1995).  
 
2.5.3 Nickel toxicity 
 
Moderate concentrations of Ni can severely limit the growth of plants such as Indian 
mustard (Brassica juncea) and canola (Brassica napus) (Tank and Saraf, 2009). 
Critical toxicity levels of Ni are in range of 10µg/g to >50 µg/g in crops of moderately 
tolerant species (Marschner, 1995).  In soil, excess Ni affects root growth with severe 
inhibition in species that are sensitive to Ni at concentrations <5 µM in solution 
culture (Marschner, 1995). The most frequent effect of Ni toxicity is foliar chlorosis 
and in some cases decreased growth of root (Himmelbauer et al., 2005, Molas and 
Baran, 2004).  
 
2.6 Salinity effects in plants  
 
Saline land currently effects approximately 7% of the Earth’s land area, with the area 
affected currently increasing (Al-Maskri et al., 2010, Szabolcs, 1994  ). Soil salinity is 
one of the major abiotic stresses that limit crop yield in many parts of the world, 
especially in arid and semiarid regions (Schleiff, 2008). Under high saline conditions, 
plants show decreased leaf growth rate due to reduced water uptake, which limits 
photosynthetic capacity (Hasegawa et al., 2000). Salinity restricts nodulation, 
metabolic and physiological responses in a variety of plants (Garg and Manchanda, 
2008, L'Taief et al., 2007). Salinity causes a reduction in plant biomass via  osmotic 
effects  (Taiz, 2006) and from Na+ and Cl-  toxicity (Upadhyay et al., 2012). Osmotic 
effects from excess salts create a scarcity of water in plants even under conditions of 
adequate water (Taiz, 2006).  
 
In response to elevated concentrations of salt, plants in the environment can be 
classified into two main groups (Taiz, 2006). Halophytes, which are salt-tolerant 
plants, are able to grow for significant periods in comparatively high concentrations 
of salt without noticeable injury, though at a decreased rate (Parida and Das, 2005). 
For instance, barley (Hordeum vulgare) can grow for around more than a month in a 
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100 mM NaCl solution with minimal injury (Yousfi et al., 2007). Salt sensitive plants, 
or glycophytes, get symptoms of toxicity at fairly low levels of salinity (Parida and 
Das, 2005). For example, salt gathers in the leaves very fast in lupin (Lupinus albus 
L), creating damage to plants in a couple days of contact to 100 mM of NaCl  (Munns, 
1988). 
 
The response of plants to excess salinity has two stages (Munns et al., 1995). The first 
stage can be described as a large reduction in growth due to the presence of salts in 
the outer region of roots (Hasegawa et al., 2000). This is referred to as the osmotic 
response and is similar in effect to drought-stress in plants, giving it it’s other name 
of “physiological drought”. (Hasegawa et al., 2000). The osmotic response causes 
reduced growth, the closure of stomata resulting in less availability of CO2(g), 
decreased activity of photosynthesis and reduction in the water content of cells that is 
similiar to drought stress (Bajji et al., 2001, Upadhyay et al., 2012, Shukla et al., 2012, 
Lim et al., 2012). The salt-specific second stage results in a further drop in growth 
affected by salt reaching lethal concentrations within plants (Munns et al., 1995). 
Necrosis and chlorosis on leaf blade margins occurs in plants that have developed 
under toxic levels of salinity (Munns et al., 1995). Moreover, reactive oxygen species 
(ROS) are induced by salinity (Tanou et al., 2009).  Excess ROS can cause cell death 
as they are strong oxidants resulting in the inactivation of enzymes, peroxidation of 
lipids, oxidation of proteins, and damage to DNA/RNA when present in elevated 
quantities (Gill and Tuteja, 2010). 
 
2.7 Remediation and stabilisation of heavy metal 
contaminated soils 
 
Soil remediation is described as the use of several procedures to reduce, remove or 
mitigate the contamination of a certain area or land (Lone et al., 2008). Remediation 
may be done to stabilise the site, reduce movement of contaminants offsite via soil 
erosion or water flow, to reduce toxicity of the contaminants and/or to protect 
environmental/human health (Gadepalle et al., 2007). With an increase in public 
awareness regarding the consequences of contaminated soil, many researchers are 
focussing on developing soil remediation technologies which are cost effective and 
socially acceptable (Gadepalle et al., 2007). A specific contaminated site may 
necessitate a group of procedures to permit the optimum remediation that reduces 
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the environmental and human health risks to acceptable levels (Khan et al., 2004). 
Conventional techniques for soil clean-up of heavy metals involve heavy metal 
extraction and immobilization that lead to excavation of the land (Baker et al., 1994). 
Contaminated land can be remediated by physical, chemical or biological approaches 
which may be used in combination with each other to decrease the contamination to 
a safer and acceptable level (Khan et al., 2004, Khan et al., 2000) . 
 
Stabilisation is a specific type of remediation in which contaminants remain within 
the soil and are managed so as to reduce their environmental risk to acceptable levels 
(Sanderson et al., 2012).  Stabilisation often involves immobilizing and reducing the 
mobility and bioavailability of contaminants in soils (Khan, 2005). Heavy metals can 
be immobilised through adsorption and precipitation reactions in soil (Bolan et al., 
2008). Stabilisation reduces heavy metal mobility, bioavailability and food-chain 
transfer, thus reducing environmental risk (Wong, 2003). 
 
Stabilisation often involves utilizing materials that immobilize contaminants whilst 
providing essential plant growth properties in terms of nutrition and water holding 
capacity. Examples of materials that can stabilise soil contaminants include composts 
derived from e.g. sewage sludge; zeolites; and industrial by products like iron-rich red 
mud (Gadepalle et al., 2007). Remediation and soil stabilisation techniques that 
utilize such materials can be cost effective compared to more traditional methods 
such as the removal of soils to landfill (Gadepalle et al., 2007, Sharma, 2012). 
However, many of these methods are short term, e.g. composts, and may result in the 
release of heavy metals into the environment over time as the materials break down 
or if environmental conditions change thus altering their effectiveness (Ahmad et al., 
2012, Abd El-Azeem et al., 2012). Adequate assessment of the potential long-term 
hazards of heavy metal accumulation must be estimated before utilising stabilisation 
methods (Han et al., 2001). 
 
2.7.1 Bioremediation 
 
Bioremediation, or biological remediation, is a cost effective and eco-friendly 
biotechnology that involves the use of organisms such as plants and/or bacteria to 
remediate and stabilize contaminated sites (Anyasi and Atagana, 2011, Perelo, 2010, 
Sharma, 2012). The technology involves biological agents such as plants and 
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microorganisms to transform or degrade contaminants into nonhazardous or less-
hazardous substances (Dua et al., 2002, Park et al., 2011). Various organisms like 
bacteria, fungi, algae and plants have been reported to efficiently bioremediate 
pollutants (Vidali, 2001). The technology of bioremediation offers an alternative 
pathway to more traditional techniques for the remediation of contaminated sites.  
 
Bioremediation uses natural processes and relies upon organisms to alter 
contaminants and environmental conditions as these organisms undergo their 
normal life functions (Zhuang et al., 2007). Their metabolic processes are capable of 
using chemical contaminants as an energy source, rendering the contaminants 
harmless by reducing their bioavailability or producing less toxic products 
(Alexander, 2000, Zhuang et al., 2007). Bioremediation is being used as an effective 
means of mitigating hydrocarbons, organic solvents and organic compounds, 
pesticides and herbicides, nitrogenous compounds and heavy metals (Park et al., 
2011).  
 
Microorganisms used to perform the function of bioremediation are known as 
bioremediators (Sharma, 2012). These bioremediators are grouped into two broad 
categories: aerobic and anaerobic. Aerobic microorganisms work in presence of 
oxygen and can degrade pesticides and hydrocarbons with many of these microbes 
use the pollutant as the source of energy (Sharma, 2012). Anaerobic microorganisms 
work in absence of oxygen and are less frequently used in comparison to aerobic ones 
(Sharma, 2012). 
 
2.7.1.1 In situ Bioremediation 
 
Bioremediation involves two different strategies: in situ and ex situ. In situ 
bioremediation is remediation without excavation of contaminated land (Khan et al., 
2000). Often, it is applied to the breakdown of contaminants in saturated soils. It 
uses beneficial micro-organisms to degrade the chemicals in the contaminated 
environment and costs less than conventional remediation technologies (Kumar et 
al., 2011). In situ bioremediation includes techniques like biosparging, bioventing and 
bioaugmentation (Sharma, 2012).  
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Biosparging is injecting oxygen under pressure in to the saturated zone to transfer 
volatile compounds to the unsaturated zone for biological breakdown by naturally 
occurring microorganisms (Sharma, 2012). Biosparging is relatively cheap, easy to 
install and quickly distributes oxygen across the site to maximise microbial 
functioning (Muehlberger et al., 1997). Bioventing involves using a low flow of air to 
provide adequate oxygen for sustaining microbial activity (Lee et al., 2006). 
Bioventing is typically used to treat contaminants that are biodegradable under 
aerobic conditions. Bioventing accelerates natural processes as it provides a low flow 
of air, which augments the growth of microorganisms naturally present in soil (Lee 
and Swindoll, 1993). Bioaugmentation involves naturally occurring microbial strains 
or genetically engineered variants to treat contaminated soil (Niu et al., 2009). This 
approach is commonly used in municipal wastewater treatment (Guo et al., 2010). 
Maintenance of this system is difficult as it requires monitoring to ensure the 
complete degradation of the contaminants (Sharma, 2012). Also optimising the 
efficiency of the microorganisms in an  uncontrolled external environment is difficult 
to achieve and assess (Bouwer and Zehnder, 1993). 
 
2.7.1.2 Ex situ Bioremediation 
 
Ex situ bioremediation involves removing contaminated soils from the ground for 
treatment that can occur in another location either on or off site (Khan et al., 2000). 
It is often considered to be less advantageous than in situ remediation because the 
contamination is moved elsewhere and has the possibility to create significant risks in 
the excavation and transport of harmful material (Kumar et al., 2011). Ex situ 
bioremediation includes techniques such as land farming, composting and biopiling 
(Sharma, 2012, Kumar et al., 2011).  
 
Land farming is a technique where contaminated soil is taken and spread in a thin 
layer over a ground surface of a treatment site until the contaminants are degraded 
by aerobic microorganisms (Harmsen et al., 2007). Microorganisms are frequently 
added to the soil to achieve rapid degradation and the soil must be well mixed in 
order to increase the contact between the contaminants and microorganisms (Khan 
et al., 2004). Large areas of land are required for land farming, which is a limitation 
to the suitability of this technology (Khan et al., 2004).  
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Composting is a controlled process by which organic materials are degraded by 
microorganisms under elevated temperature, resulting in the production of organic 
and/or inorganic by-products (Williams and Myler, 1990). The increased 
temperature results from the heat released by microorganisms during the 
degradation of the organic materials in the waste. Typical compost temperatures are 
in the range of 55° to 65° C (Antizar-Ladislao et al., 2007). The volume of material 
often increases after composting due to the addition of amendment agents, which is a 
limitation of this technology (Michel et al., 2004). Nevertheless this is a cost-effective 
technology (Sharma, 2012). 
 
Biopiling is a technology where excavated soils are piled and get mixed with 
microorganisms by using applied aeration. The piles should be covered to prevent 
overflow, evaporation and to advance solar heating (Filler et al., 2001). The 
contaminants are often condensed to carbon dioxide and water (Wu and Crapper, 
2009). Biopiling is similar to land farming but in the latter the soil is aerated 
artificially.  
 
2.7.2 Phytoremediation 
 
Phytoremediation involves using plants to remediate contaminated land. 
(Cunningham and Berti, 1993, Cunningham and Ow, 1996, Salt et al., 1995, 
Cunningham et al., 1995). Phytoremediation is a rising technology, that remediates a 
broad range of environmental pollutants in situ (Sharma, 2012).  Growing and 
harvesting plants in contaminated sites is seen as an inexpensive, solar-energy driven 
and ecologically friendly method of remediation that can be used to remediate these 
sites (Salt et al., 1995). A number of heavy metal accumulating plants have been used 
for removing toxic metals from soil (Kumar et al., 1995), which in addition, also 
provide the vegetation cover, to control soil erosion on contaminated sites, and thus, 
the movement of contaminants offsite (Reid et al., 1986). For example, high Ni 
accumulation and tolerance has been reported in 7 genera and 72 species of the 
family Brassicaceae (Reeves et al., 1999). It is established that certain species of this 
family exhibit a strong ability to gather and translocate heavy metals, such as Cd, Cr, 
Pb, Zn and Ni through the roots to the shoot (Dushenkov et al., 1995).  
Phytoremediation has the following subcategories: 1. Phytoextraction, 2. 
Phytotransformation, 3. Phytodegradation, 4. Rhizofiltration, 5. Phytostabilisation 
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and 6. Rhizoremediation (Sharma, 2012, Pulford and Watson, 2003, Khan et al., 
2009).  
 
Phytoextraction or phytoaccumulation is the process that is used to accumulate 
contaminants into the roots and shoots of plants (Kumar et al., 1995). It is rather less 
expensive but more time consuming than many other soil clean-up process (Sharma, 
2012). Phytotransformation or phytodegradation is the uptake of organic pollutants 
from soil or water and their transformation into lower risk forms (Sharma, 2012). 
Rhizofiltration is the remediation of contaminated groundwater. Pollutants maybe 
absorbed by roots or adsorbed onto the surface of the roots (Dushenkov et al., 1995). 
Phytostabilisation is a technique where plants reduce the bioavailability and/or 
mobility of contaminants in the soil or reduce the relocation of contaminated soil, e.g. 
via erosion, thus immobilising contaminants within the soil profile (Pulford and 
Watson, 2003, Sharma, 2012). Elements that are adsorbed and bound into the 
structure of plants form a stable mass within the plant and do not again enter the 
environment (Sharma, 2012). Rhizoremediation is phytoremediation that uses 
rhizobacteria, where combinations of plant and the bacteria work together within the 
plant rhizosphere to remediate the soil (Khan et al., 2009, Mandal and Suzuki, 2002).  
 
Approximately, 400 species of terrestrial plants have been identified as hyper-
accumulators of various heavy metals (Baker et al., 2000) which may serve as 
potentially useful bioagents for phytoextraction of heavy metals. Generally, the 
threshold for hyper-accumulation of Ni by plants is set at 1000 mg/kg (0.1%) dry 
mass (Brooks et al., 1977). Efficiency of phytoaccumulation depends upon the rate of 
heavy metal uptake and enhanced production of biomass with minimal phytotoxicity 
(Garbisu and Alkorta, 2001). Still, it has been speculated that most of the known 
hyperaccumulators are not suitable for phytoextraction due to their slow growth and 
low biomass in heavy metal contaminated soil (Dushenkov et al., 1995). These 
limitations have led to the exploration of the possibilities of enhancing the biomass of 
heavy metal accumulators using rhizobacteria as plant growth promoting 
bioinoculants. Considerable attention is being paid to using plants as well as plant-
microbe interactions for the removal or immobilisation of heavy metals and other 
toxic wastes in soil (Tank and Saraf, 2009). The role of rhizospheric bacteria in the 
development of phytoremediation needs to be explored in order to optimize the 
technology (Tank and Saraf, 2009).  
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2.7.3 Rhizoremediation 
 
Rhizoremediation is the remediation of soil by rhizobacteria i.e. bacteria that inhabit 
the rhizosphere of plants (Hong et al., 2011). Combining the benefits of microbe-plant 
symbiosis within the plant rhizosphere into an effective remediating technology is a 
relatively new approach that has the potential to provide practical remediation 
outcomes (Khan et al., 2009). 
 
To tolerate heavy metal stress in contaminated soils, some microbes have developed 
certain mechanisms that they apply to withstand the uptake of heavy metals (Figure 
1.2). These mechanisms comprise, (1) exclusion: pumping heavy metal ions outside to 
the cell, here the metal ions are kept at bay and away from the target sites; (2) 
extrusion: where the metals are pushed out from the cell through plasmid/ 
chromosomal  mediated events; (3) accommodation: where metals form complex 
with different cell components including metal binding proteins, that is gathering and 
sequestration of the metal ions inside the cell; (4) biotransformation: where the toxic 
metal is reduced to a less toxic form by conversion; (5) methylation and 
demethylation. and (6) desorption/ adsorption of heavy metals (Khan et al., 2009). 
These defence mechanisms enable tolerant microorganisms to function metabolically 
in heavy metal polluted environments.  
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Figure 2.2: Metal tolerance mechanisms developed by soil microbes (Khan et al., 
2009)  
 
 
2.8 Plant growth promoting rhizobacteria  
 
Plant growth promoting rhizobacteria or PGPR are a number of species of soil 
bacteria that grow in the rhizosphere of plants and stimulate plant growth by a 
variety of mechanisms (Vessey, 2003). The roots of plants interact with large number 
of diverse microorganisms and these interactions together with soil conditions 
impact on plant growth. The colonization of the rhizosphere by bacteria is known to 
be helpful for bacteria but their presence can also be beneficial to plants (Tank and 
Saraf, 2009). Plant growth promoting rhizobacteria are used in some agricultural 
systems to improve crop yield and quality (Naveed et al., 2008, Mehboob et al., 2011, 
Khalid et al., 2004). For example, the legume–rhizobium symbiosis turns 
atmospheric N into forms plants can use and is a vital part of the N cycle (Zahran, 
1999). As leguminous plants are important sources of protein for humans and the 
animal world, the use of rhizobial inoculants for legumes to ensure efficient N 
fixation has been occurring for over  100 years (Smith, 1997).  Simultaneously 
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inoculant markets were also developed in Myanmar (Thein, 1997), Thailand 
(Kongngoen et al., 1997, Boonkerd, 1991) and Bangladesh (Sattar, 1997). 
 
In addition to use in agricultural systems, there is the potential for utilising the 
properties of PGPR in other systems such as to use PGPR in the remediation and 
stabilisation of contaminated land (Cardon et al., 2010). Some PGPR have also been 
shown to protect their host plant from pathogenic microorganisms (Kandavel, 2010) 
and heavy metals (Reichman, 2007).  
 
2.8.1. Mechanism of action of PGPR 
 
Plant growth promoting rhizobacteria are usually applied to plants for the purpose of 
growth enhancement, including increased seed germination, plant weight, and 
harvest yields (Kandavel, 2010). The general mechanisms of plant growth promotion 
by PGPR includes resource acquisition from the atmosphere (e.g. atmospheric N) 
(Marroqui et al., 2001, Kennedy et al., 1997), producing particular compounds used 
by plants (e.g. siderophores and phytohormones) (Glick et al., 2007a, Kloepper et al., 
1980), solubilising nutrients (e.g. P, Fe), facilitating uptake of nutrients from soil (e.g. 
P, Fe) (Richardson et al., 2009, Karlidag et al., 2007, Crowley et al., 1988), protecting 
plants from possible microbial attack (Compant et al., 2005, Guo et al., 2004), and 
decreasing the toxicity of heavy metals (Zhuang et al., 2007) . Nevertheless the 
mechanisms of PGPR-mediated expansion of plant development are not entirely 
understood (Dey et al., 2004). For instance, the production of siderophores effect 
plant growth promotion in multiple ways  such as bio-control, providing plants with 
micronutrients like Fe and protecting plants from heavy metal intoxication by 
chelating heavy metals and reducing their bioavailability (Tank and Saraf, 2009, 
Karami and Shamsuddin, 2010). Plant growth promoting rhizobacteria strains can 
promote plant growth and development either directly or indirectly (Ortiz-Castro et 
al., 2009). 
 
Direct stimulation involves resource acquisition, which includes assimilation of N 
from atmosphere, solubilising nutrients particularly mineral phosphate, sequestering 
Fe, modulating phytohormone levels, producing cytokinins, gibberellins, indoleacetic 
acid (IAA) (van Loon, 2007, Bhattacharyya and Jha, 2012). Indirect stimulation is 
related to the ability of the bacteria to prevent the proliferation of plant pathogens by 
                                                                                                                                                                                
                                                                                                                                                  Literature review 
Chapter 2                                                                                                                                                                                         29                                         
  
producing antibiotics and lytic enzymes (Hayat et al., 2010, Gamalero and Glick, 
2011), producing siderophores which can prevent some phytopathogens from 
acquiring a sufficient amount of Fe thereby limiting their ability to proliferate 
(Martinez-Viveros et al., 2010), the ability of bacteria to compete with pathogenic 
microbes for available nutrients in soil, lowering inhibitory levels of stress ethylene 
by producing ACC deaminase and thereby increasing root growth (Glick et al., 
2007b), enhanced resistance to drought (Alvarez et al., 1996, Suarez et al., 2008), 
salinity (Upadhyay et al., 2012), waterlogging (Saleem et al., 2007) oxidative stress 
(Stajner et al., 1997) and heavy metals (Burd et al., 2000, Reichman, 2007). 
 
2.8.2 PGPR in heavy metal contaminated soil 
 
The potential of using beneficial bacteria to increase plant growth has shown 
considerable promise in laboratory and greenhouse studies, but responses have been 
variable in the field (Bowen and Rovira, 1999). The use of PGPR has been extended to 
remediate contaminated soils in association with plants (Zhuang et al., 2007). 
Research has found that PGPR play an active role in plants grown in heavy metal 
contaminated soils by improving plant growth and tolerance to heavy metals (Cardon 
et al., 2010, Dary et al., 2010, Karami and Shamsuddin, 2010, Koo and Cho, 2009, 
Pishchik et al., 2009, Tank and Saraf, 2009, Zaidi et al., 2006). As an example, the 
heavy metal tolerant PGPR Bacillus subtilis strain SJ-101 improved the growth of 
Indian mustard (Brassica juncea) in Ni contaminated soil (Zaidi et al., 2006, Tank 
and Saraf, 2009).  
 
Several rhizobial species are known to increase the nutrient status of plants grown on 
contaminated soils but most importantly some PGPR are both heavy metal tolerant 
and improve plant growth under exposure to excess heavy metals (Cardon et al., 
2010). For example, Bradyrhizobium strain RM8 is tolerant to Ni and 
Zn; Rhizobium sp. RL9, isolated from lentil nodules is tolerant of Zn; 
and Rhizobium sp. RP5, isolated from pea nodules is tolerant of Zn and Ni and 
produces substantial amounts of IAA (Wani et al., 2007, Wani et al., 2008a, Wani et 
al., 2008b). A variety of PGPR strains aid in heavy metal induced toxicity in plants 
(Table 1.2). 
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Table1.2: Examples of plant growth promoting rhizobacteria able to tolerate a variety 
of heavy metals in plants 
 
PGPR 
 
Plant Tolerated metals Reference 
Bacillus subtilis SJ-
101 
Brassica juncea 
(Indian mustard) 
Ni (Zaidi et al., 2006) 
Pseudomonas sp. Chickpea Ni (Tank and Saraf, 
2009) 
Bradyrhizobium 
sp. (vigna) RM8 
Greengram (Vigna 
radiate) 
Ni (Wani et al., 2007) 
Sinorhizobium sp. 
Pb002 
Brassica juncea Pb (Di Gregorio et al., 
2006) 
Brevibacillus Trifolium repens Zn (Vivas et al., 2006) 
Pseudomonas sp, 
Bacillus sp. 
Mustard Cr (Rajkumar et al., 
2006) 
Bradyrhizobium 
japonicum CB1809 
Glycine max 
(Soybean) 
As (Reichman, 2007) 
Pseudomonas 
putida KNP9 
Mung bean Pb and Cd (Tripathi et al., 
2005) 
Pseudomonas sp. 
RJ10, Bacillus sp. 
RJ31 
Brassica napus Cd (Sheng and Xia, 
2006) 
Rhizobacteria Triticum aestivum 
L. (wheat) 
Hordeum vulgare 
L.(barley) 
Cd (Shenker et al., 
2001) 
Rhizobium sp.  RL9 Lentil Zn (Wani et al., 
2008a) 
Rhizobium sp. RP5 Pea Zn and Ni (Wani et al., 
2008b) 
Rhizobacterium sp. 
D14 
Populus deltoides 
LH05-17 
As (Wang et al., 2011) 
 
                                                                                                                                                                                
                                                                                                                                                  Literature review 
Chapter 2                                                                                                                                                                                         31                                         
  
A range of rhizobacterial strains help in amending heavy metal induced plant toxicity 
(Shenker et al., 2001). For instance, PGPR strains, pseudomonads 
and Acinetobacter enhance uptake of Fe, Zn, Mg, Ca, K and P by crop plants (Esitken 
et al., 2006).  Studies on certain rhizobacteria in heavy metal uptake indicated that 
this group of bacteria for example, Pseudomonas are able to grow and produce 
siderophores in presence of heavy metals in chickpea plants grown in Ni 
contaminated soil (Tank and Saraf, 2009). 
Numerous strains of plant growth promoting rhizobacteria possessing heavy metal 
reducing ability have been identified. As an example, certain rhizobacteria are able to 
tolerate arsenic accumulated by the silverback fern (Pityrogramma calomelanos)  
(Rahman et al., 2006).  Rhizosphere microbes that were collected from roots of P. 
calomelanos increased the biomass and As concentration of plants significantly 
suggesting that rhizosphere bacteria improved phytoextraction of As (Jankong et al., 
2007). In similar studies, it was found that the fern Pteris vittata is an As hyper 
accumulator and adding As reducing bacteria plant biomass increased by 53% and As 
uptake by 44% (Smedley and Kinniburgh, 2002). In another study, the growth 
promoting effect of Bradyrhizobium japonicum CB1809 with soybean plants grown 
in As contaminated growing medium was investigated (Reichman, 2007). In this 
study, however, the bacteria improved plant growth of soybean but the plant uptake 
of As was not increased by inoculation with the Bradyrhizobium and thus the 
bacteria has potential for use in site phytostabilisation.  
Recently, plant growth promoting rhizobacteria Arthrobacter mysorens 7, 
Azospirillum lipoferum 137, Agrobacterium radiobacter 10 were isolated from barley 
plants grown in Cd and Pb-treated soil (Wang et al., 2011). In barley plants, that were 
cultivated in uncontaminated and contaminated soils, the heavy metal resistant 
bacterial strains colonized the rhizosphere. Inoculated barley had improved uptake of 
nutrient elements and growth  compared to control plants when grown in soil 
contaminated with Cd and Pb (Wang et al., 2011). It was concluded from this study 
that accumulation of Cd and Pb in barley plants was reduced by the bacteria which 
accounted for increased growth of inoculated plants.  In another study, Cr tolerant 
rhizobacteria were isolated from the rhizosphere of a Cr contaminated site.  These 
bacteria were used to inoculated Vigna radiata in Cr contaminated soil and the 
inoculated plants were found to have an increase in biomass, root length and shoot 
length over non-inoculated plants grown in the same soil (Shenker et al., 2001). 
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Interestingly, the inoculated plants had a significant enrichment in Mn, Fe, Ni, Zn, 
Cr, Pb, Cd and Cd accumulation compared to non-inoculated plants despite the 
inoculated plants having higher biomass (Shenker et al., 2001). So, improving plant 
microbe interaction and introducing useful rhizospheric microorganisms are 
important to increased biomass production and heavy metal tolerance of plants. 
 
2.8.3 Salinity and rhizobacteria 
 
The colonization of salt-stressed plants with PGPR has also been found to mitigate 
salinity stress in plants. Plant growth promoting rhizobacteria can improve the 
growth of a variety of plants under stressful environments i.e., flooding and high salt 
(Mayak et al., 2004, Grichko and Glick, 2001). The production of ACC deaminase by 
PGPR facilitates improvement of germination rate and plant growth under flooding 
and high salt condition (Nadeem et  a l . ,  2010) .  Ethylene is over-produced under 
stressful conditions, which can result in the reduction of plant growth or death. 
Inoculation of crops with ACC deaminase-producing PGPR may assist plant growth 
by lessening harmful effects of salt stress-induced ethylene excretion (Glick et al., 
1998). 
 
Bacilio et al (2004) found that PGPR can reduce the negative effects of salinity on 
wheat. Results showed that biomass of root and shoots, as well as height, of 
inoculated plants increased in inoculated treatments which resulted in an increase in 
water absorption of plants in inoculation treatments (Bacilio et al., 2004).  Recently, 
Shilev et al (2012) demonstrated that rhizosphere bacteria may alleviate salt 
produced stress in sunflower by producing indoles and siderophores, having a 
positive effect on the K+/Na+ ratio in the shoot. In addition, these plants exhibited 
better-developed roots (Shilev et al., 2012).    
 
Despite the fact that studies have been undertaken to elucidate the physiological and 
metabolic properties of PGPR under saline conditions (Creus et al., 1997, Grichko and 
Glick, 2001) and heavy metal presence (Zaidi et al., 2006, Tank and Saraf, 2009), 
there is still relatively little known about the effects of PGPR on the growth and 
morphology of plants under mutual effects of salinity and heavy metal toxicity . 
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2.9 Conclusions 
 
The environmental benefit of the approach of using beneficial bacteria to increase 
plant growth and to reduce heavy metal toxicity and/or bioavailability in 
contaminated lands fits with sustainable management practices. Contemporary 
progress in our understanding of the biological interactions that occur in the 
rhizosphere could facilitate the development of PGPR techniques and increase the 
technology’s reliability in the field. In this regard, the growth promoting properties of 
rhizobia to an array of heavy metals for the remediation and stabilisation of 
contaminated land is an area of research that needs to be further explored. The 
rhizobial association of B. japonicum in soybean has been tested in the presence of 
excess As and the bacteria had exhibited its growth promoting potential for the 
remediation of As contaminated growing medium (Reichman, 2007), further studies 
are required to investigate the PGPR properties of this bacterium with an increased 
range of stress treatments and plant species. The current study will utilize soybean as 
a legume species and sunflower as a non-legume one to characterize both of the 
species’ responses under heavy metal conditions with the usage of PGPR. As, Zn and 
Ni were focussed upon because they are common contaminants throughout the world 
(Garg and Singla, 2011, Smith et al., 2010, Tripathi et al., 2007, Broadley et al., 2007, 
Marschner, 1995, Himmelbauer et al., 2005, Molas and Baran, 2004, Tank and Saraf, 
2009). Also land is often simultaneously exposed to more than one stress factor, e.g., 
heavy metals and salinity. Therefore research is needed for multiple interactions 
among heavy metals and salinity on plants inoculated with PGPR. It would be 
worthwhile to investigate the behaviour of B. japonicum under excessive salt and 
heavy metals. As PGPR have been demonstrated to effectively improve the growth of 
plants in presence of heavy metals and high saline conditions independently, further 
investigation is required to explore their role under combined stress conditions.
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Chapter 3 
 
Testing the effects of Bradyrhizobium 
japonicum on the tolerance of plants exposed to 
arsenic, zinc and nickel in solution culture 
 
 
 
3.1 Introduction 
 
Metal contamination in plants and soils often cause an array of symptoms and an 
overall reduction in plant growth (Rascio and Navari-Izzo, 2011). In the rhizosphere, 
plant growth promoting rhizobacteria or PGPR are a certain kind of soil bacteria that 
enhance plant growth in presence of excess metals (Cardon et al., 2010). The 
utilisation of rhizobium as growth promoting bacteria for remediation of heavy metal 
contamination has become a novel area of research. Bradyrhizobium japonicum 
CB1809 is one such a rhizobacteria that have growth promoting properties for 
soybean (Glycine max) when grown under conditions of excess As (Reichman, 2007). 
Therefore, further testing is needed to investigate the growth promoting properties of 
B. japonicum with heavy metals in solution culture other than As and for plant 
species other than soybean. This will help in understanding the breadth of plant 
growth promoting properties of B. japonicum. Though accurate quantification can be 
done on soils selecting the right extraction method (Menzies et al., 2007), 
hydroponics was chosen as the growth medium as it enables the growing medium to 
be accurately quantified and it allows for ready access to the roots without any 
damage throughout the experiment to provide accurate information regarding the 
possible effects of B. japonicum under controlled conditions (Reichman, 2002, 
Rorison, 1986).  
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3.2 Objectives 
 
1. To determine if Bradyrhizobium japonicum CB1809 improves the 
tolerance of Glycine max (soybean) and Helianthus annus (sunflower) to 
As, Zn and Ni in solution culture. 
2. To investigate potential mechanisms by which the growth promoting 
effects of Bradyrhizobium japonicum CB1809 occur.   
 
3.3 Materials and methods  
 
3.3.1 Experimental design and treatments 
 
The experiment was a solution culture experiment in a growth chamber (Conviron 
Adaptis A1000). Two species were tested: Glycine max cv. Zeus (soybean) and 
Helianthus anuus cv. Hyoleic 41 (sunflower).  Soybean seeds were obtained from 
Department of Primary Industry, NSW (Grafton) and sunflower seeds were obtained 
from Cengage Distribution Centre. The seedlings were exposed to three heavy metal 
treatments (As, Zn and Ni) with a trace element only control in combination with 
plus or minus Bradyrhizobium japonicum CB1809 in a factorial design.  All 
treatment combinations were replicated four times. Thus, the number of vessels for 
this experiment was 64, i.e. two plant species by four metal treatments by two 
bacterial treatments by four replicates. As an example of the experimental set-up, one 
half of the soybean plants are shown in Figure 3.1A. 
 
The experiment consisted of four treatments: a nutrient solution only control 
treatment, 5 µM arsenic (as Na2HAsO4.7H2O), 10 µM Zn (as ZnCl2) and 2.5 µM Ni (as 
NiCl2.6H2O). The concentrations were chosen to be representative of concentrations 
in solution culture that produce mild toxicity in plants (Reichman et al., 2001, 
Reichman, 2007). Arsenic(V) was chosen over As(III) because As(V) is  the most 
common species in aerated soils (Smedley and Kinniburgh, 2002). The metal 
treatments were added 48 hours after transfer of seedlings to solution culture.  
 
On Day 3, the inoculum broth was prepared under sterile conditions in a laminar flow 
cabinet by dissolving 0.5 g of concentrated freeze-dried Bradyrhizobium japonicum 
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strain CB1809 (Easyrhiz, New-Edge Microbials, Albury, Australia) per 100 mL of 
autoclaved (120 ◦C, 10 min) ultrapure (18 ΩM) water. A 1.8 mL aliquot of the 
inoculum broth was added to each plus-inoculum vessel while minus-inoculum 
vessels each received a 1.8 mL aliquot of autoclaved ultrapure water. This was 
equivalent to a broth of ~1.3 x 1010 colony forming units mL-1 in the inoculated 
treatments.  The nutrient solutions were re-inoculated with bacteria or ultrapure 
water on days 8 and 15 after the nutrient solutions were refreshed. 
 
Sterile techniques were followed throughout the experiment to avoid cross-
contamination of bacteria into the minus bacteria vessels. For example, all solution 
culture equipment was cleaned in 10 % sodium hypochlorite, and gloves and probes 
were sterilised with 70% ethanol before use.  
 
3.3.2 Seed germination 
 
Seeds were surface-sterilized in 10% sodium hypochlorite for 15 min, rinsed in 
ultrapure (18 ΩM) water and then germinated on moistened rolled germination 
towels in the growth chamber with 12h day/12h night set at 25°C /15°C temperature 
regime for sunflower and 28°C/25°C temperature regime for soybean. After 10 days 
(day 0 of the experiment) seedlings (at the two true-leaf stage) were transferred to 
2000 mL polypropylene light-proof vessels with four seedlings per vessel (Reichman, 
2007).  Six days later the seedlings were thinned to two per vessel with the largest 
and smallest seedling removed from each vessel. 
 
3.3.3 Solution culture 
 
Basal nutrients were supplied as (µM): N 500 (1:4 NH4+: NO3-), P 15, K 250, Ca 1000, 
Mg 100, S 1235, Mn 0.25, Zn 0.5, Cu 0.1, Fe 20 as Fe(III)HEDTA, B 3, Mo 0.05, and 
Co 0.04 (adapted modified from Reichman, 2007). To buffer the nutrient solution at 
pH 6.0, the solution contained 1 mM Morpholinoethanesulfonic acid (MES) and 0.5 
mM NaOH. Daily measurements of pH were taken and adjusted with 0.1 M NaOH or 
0.1 M HCl as required. Nutrient solutions were refreshed on days 8, 15, 22, 29, 33 and 
38 for sunflower and 8, 15, 24, 31, 34 and 39 for soybean. The nutrient solutions were 
re-inoculated with bacteria or ultrapure water on days 8 and 15 after the nutrient 
solutions were refreshed. 
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Figure 3.1: (A) Soybean grown in solution culture under different conditions (with or without heavy 
metal and with or without Bradyrhizobium japonicum in factorial combination) (40 days after 
transplantation into the solution). (B) Soybean roots grown in the presence of Bradyrhizobium 
japonicum and 5µM As at day 30 after inoculation. The black arrow indicates B. japonicum nodules. 
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3.3.4 Harvest 
 
Sunflower plants were harvested on day 42 and soybean plants on day 44. All plants 
were separated into roots and shoots, rinsed in 10% decon solution and then rinsed 
three times in ultrapure water.  
 
For soybean, the number of root nodules per pot were determined (Figure 3.1B). Each 
nodule was dissected and the internal colour scored as pink or white for the presence 
or absence of leghaemoglobin, respectively, and thus, as an index of potential N-
fixation (Ott et al., 2005, Angle et al., 1993, Wittenbe et al., 1974)  
 
3.3.5 Rhizosphere tests 
 
The production of auxin and iron-solubilising compounds (siderophores) in the root 
zone were measured by collecting samples of the nutrient solution near the plant 
roots on the day of plant harvest. The samples were filtered with minisart 0.45 µM 
microfiber filters and preserved in the freezer until further analysis. The 
concentration of auxin was measured using 95-97% H2So4 with 6 g of FeCl3 diluted in 
500 mL ultrapure water and absorbance of the samples were measured at 544 nm 
using the Salkowski reagent method (Glickmann and Dessaux, 1995). Siderophores 
were analysed using 0.6 mM FeCl3, 1 M and 2 M Na-acetate buffer, 8% 
hydroxylamine hydrochloride, 0.25% ferrozine, 6M HCl and absorbance of the 
samples were measured at 562 nm as per the revised iron-binding assay (Reichman 
and Parker, 2007).  
 
3.3.6 Plant analysis 
 
Shoot and root samples were oven dried at 60-80°C for 48hrs. The samples were 
weighed and ground samples were used for the analyses outlined below.  
 
Samples were hot block digested with 5 mL of 70 % concentrated HNO3 at 115 °C for 4 
hours, diluted with ultrapure water (Reichman, 2007) and then preserved at 4 °C 
until later analysis.  A LECO CNS 2000 analyser was used to determine the 
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concentrations of N and S. Also Inductively Coupled Plasma-Mass Spectrometry 
(ICP-MS, AGILENT TECHNOLOGIES 7700x analyser) was used for determining 
concentrations of As, Zn, Ni, Cu, Mn, Na, Ca, Mg, K and Fe. 
 
3.3.7 Statistical analysis 
 
Statistical analyses were performed using Minitab (version 16) to compare treatment 
effects. Means were compared by Analysis of Variance and multiple comparison tests 
(Fishers Least Significant differences). A P-value of <0.05 was the criterion for a 
statistically significant difference. Detailed statistical data tables are included in 
Appendix A and B. 
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3.4 Results 
 
3.4.1 Soybean 
 
Biomass 
  
Arsenic treatment 
 
There was a significant difference between the dry weight (DW) of soybean roots in 
inoculated compared to non-inoculated plants (P=0.024) with inoculated plants 
having more biomass than non-inoculated plants (Figure 3.2A). There was no 
significant effect of As treatment (P=0.308) on the DW of soybean roots (Figure 
3.2A). Dry weight of shoots was not significantly affected by As in the nutrient 
solution (P=0.927) nor by the inoculation treatment (P=0.151) (Figure 3.2B and 
Figure 3.3A).  
 
Zinc treatment 
 
There was no effect of Zn or bacteria on both root and shoot DW of soybean grown in 
10 µM Zn compared to a control treatment (Figure 3.2C and D). Dry weight of roots 
and shoots was not significantly affected by Zn in the nutrient solution (P=0.764; 
P=0.406 respectively) nor by the inoculation treatment (P= 0.059; P=0.160 
respectively) (Figure 3.2C and D and Figure 3.3B).  
 
 
Nickel treatment 
 
There was no effect of Ni or bacteria on roots and shoots of soybean grown in 2.5 µM 
Ni compared to a control treatment (Figure 3.2E and F). Dry weight of roots and 
shoots was not significantly affected by Ni in the nutrient solution (P=0.392; P=0.277 
respectively) nor by the inoculation treatment (P=0.103; P=0.127 respectively) 
(Figure 3.2E and F and Figure 3.3C).  
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Figure 3.2: Effects of As, Zn and Ni in the nutrient solution on the dry weight of roots (A) (C) (E) and 
shoots (B) (D) (F) of soybean respectively grown without (white) or with (black) the addition of 
Bradyrhizobium japonicum to the solution. Values are means (n=4) + one standard error. Where 
significant differences were found columns with the same letter within a graph are not significantly 
different (Fisher’s Least Significant Difference, P>0.05). 
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Figure 3.3: Growth response of soybean planted in solution culture with different heavy metals in 
presence of Bradyrhizobium japonicum (A) Control and Arsenic, (B) Control and Zinc and (C) Control 
and Nickel.  
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Heavy metal concentration in plant tissues 
 
Arsenic treatment 
 
There was no significant effect of bacterial inoculation on the concentration of As in 
soybean roots and shoots (P=0.279 and P=0.405, respectively) (Figure 3.4A and B). 
However, there was a significant effect of As treatment on the concentration of As in 
soybean roots and shoots (P<0.001 for both) with As treated plants having increased 
As compared to control plants (Figure 3.4 A and B).  
 
Zinc treatment 
 
There was no significant effect of bacterial inoculation on the concentration of Zn in 
soybean roots and shoots (P=0.485 and P=0.314, respectively) (Figure 3.4C and D). 
However, there was a significant effect of Zn treatment on the concentration of Zn in 
soybean roots (P<0.001) and shoots (P<0.001) with Zn treated plants having 
increased Zn compared to control plants (Figure 3.4C and D). 
 
Nickel treatment 
 
There was no significant effect of bacterial inoculation on the concentration of Ni in 
soybean roots and shoots (P=0.074 and P=0.871, respectively) (Figure 3.4E and F). 
However, there was a significant effect of Ni treatment on the concentration of Ni in 
soybean roots and shoots (P<0.001 for both) with Ni treated plants having increased 
Ni compared to control plants (Figure 3.4E and F). 
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Figure 3.4: Effects of As, Zn and Ni in the nutrient solution on the root and shoot concentrations of 
As (A, B), Zn (C, D) and Ni (E, F) respectively in soybean grown without (white) or with (black) the 
addition of Bradyrhizobium japonicum to the solution. Values are means (n=4) + one standard error. 
Where significant differences were found, columns with the same letter within a graph are not 
significantly different (Fisher’s Least Significant Difference, P>0.05). 
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Nodulation of inoculated plants 
 
Arsenic treatment 
 
No plants in the non-inoculated treatments produced root nodules during the 
experiment. The number of nodules per inoculated plant at the time of harvest 
decreased significantly in As treated compared to control plants (P=0.019) (Figure 
3.5A). However, the proportion of root nodules with potential N-fixing capacity 
increased significantly in As treated compared to the untreated plants (P<0.001) 
(Figure 3.5B). 
 
Zinc treatment 
 
No plants in the non-inoculated treatments produced root nodules during the 
experiment. The Zn treatment did not have a significant effect on the number of 
nodules per inoculated plants at the time of harvest (P=0.107) (Figure 3.5C). 
However, the proportion of root nodules with potential N-fixing capacity increased 
significantly in the Zn treated compared to the control plants (P=0.009) (Figure 
3.5D). 
 
Nickel treatment 
 
No plants in the non-inoculated treatments produced root nodules during the 
experiment. The number of nodules per inoculated plants at the time of harvest 
decreased significantly in Ni treated compared to untreated plants (P=0.010) (Figure 
3.5E). Nickel in solution did not have a significant effect on the proportion of root 
nodules with potential N-fixing capability (P=0.204) (Figure 3.5F). 
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Figure 3.5: Effects of As, Zn and Ni in the nutrient solution on the number of root nodules per plant 
(A, C and E respectively) and the proportion of root nodules with active N fixing capability (B, D and F 
respectively) of soybean grown in presence of Bradyrhizobium japonicum to the solution. Values are 
means (n=4) + one standard error. Significance is indicated on each graph, with P<0.05 indicating 
statistical significance. 
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Siderophores and auxin 
 
Arsenic treatment 
 
There was a significant effect of bacterial inoculation on the concentration of 
siderophores near the roots of soybean (P<0.001), with inoculated plants having 
more siderophores compared to control plants (Figure 3.6A). Moreover, there was a 
significant increase in the concentration of siderophores in As-treated plants 
compared to untreated plants (P=0.045) (Figure 3.6A).  
 
The auxin concentration in the root zone of soybean increased significantly in 
inoculated compared to non-inoculated plants (P= 0.002) (Figure 3.6B). There was 
also a significant increase in the auxin concentration in As-treated compared to 
untreated plants (P= 0.002) and a significant As by bacterial inoculation interaction 
effect (P=0.007) with increased auxin concentration in As treated inoculated plants 
compared to other three treatments (Figure 3.6B).  
 
Zinc treatment 
 
In the Zn treated soybean, the siderophore concentration in root exudate solutions 
increased significantly in inoculated compared to non-inoculated plants (P<0.001) 
(Figure 3.6C).  There was no significant effect of Zn treatment (P= 0.301) on the 
concentration of siderophores near soybean roots (Figure 3.6C). 
 
There was no significant effect of bacterial inoculation on the concentration of auxin 
released from soybean roots (P= 0.682) (Figure 3.6D). In comparison, there was a 
significant effect of Zn treatment (P=0.003) on the concentration of auxin in the 
vicinity of soybean roots with Zn treated plants having higher concentrations of auxin 
than control plants (Figure 3.6D). 
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Figure 3.6: Effects of As, Zn and Ni in the nutrient solution on the siderophore (A, C and E 
respectively) and the auxin concentrations (B, D and F respectively) in the root zones of soybean 
grown without (white) or with (black) the addition of Bradyrhizobium japonicum to the solution. 
Values are means (n=4) + one standard error. Where significant differences were found; columns with 
the same letter within a graph are not significantly different (Fisher’s Least Significant Difference, 
P>0.05). 
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Nickel treatment 
 
For Ni treated plants, inoculated plants produced greater siderophore concentrations 
in the root zone compared to non-inoculated plants (P<0.001) (Figure 3.6E). There 
was a significant effect of Ni treatment on the concentration of siderophores near 
soybean roots (P=0.039) with Ni-treated plants releasing more siderophore than 
control plants (Figure 3.6E).  
 
There was no effect of Ni or bacteria on the concentration of auxin in soybean 
solution (P=0.430 for both Ni and bacterial treatments) (Figure 3.6F).  
 
 
Tissue nutrient concentrations 
 
Tissue sulphur 
 
Arsenic treatment 
 
Sulphur concentrations in the shoots of soybean were not affected by bacterial 
inoculation (P= 0.160) (Figure 3.7A). There was a significant increase of S 
concentration in As-treated compared to untreated plants (P= 0.002) (Figure 3.7A). 
 
Zinc treatment 
 
There was no effect of Zn treatment (P=0.395) or associated bacterial treatments 
(P=0.814) on the S concentration in soybean shoots (Figure 3.7C).  
 
Nickel treatment  
 
The concentration of S in soybean shoots was not significantly changed by Ni 
treatment in the nutrient solution (P= 0.822) nor by the inoculation treatment (P= 
0.503) but there was a significant Ni by bacterial inoculation interaction with 
decreased S concentration in Ni treated inoculated plants (P=0.040) (Figure 3.7E).  
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Tissue nitrogen 
 
Arsenic treatment  
 
There was no effect of As treatment (P=0.146) or bacterial treatments (P=0.265) on 
the N concentration in soybean shoots (Figure 3.7B). 
 
 Zinc treatment 
 
Nitrogen concentration in the shoots of soybean was significantly effected by Zn 
treatment (P=0.009) and bacterial inoculation (P=0.018) and a significant Zn by 
bacterial inoculation interaction (P=0.024) with decreased N concentration in Zn 
treated inoculated plants (Figure 3.7D). The Zn treatment without bacteria had a 
greater N shoot concentration than the other three treatments (Figure 3.7D).  
 
Nickel treatment  
 
For Ni concentration in the shoots of soybean there was a significant effect of Ni 
treatment (P=0.002) and bacterial inoculation (P=0.011) and a significant Ni by 
bacterial inoculation interaction (P=0.015) with decreased Ni concentration in Ni 
treated inoculated plants (Figure 3.7F). The Ni treatment without bacteria had a 
greater Ni shoot concentration than the other three treatments (Figure 3.7F). 
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Figure3.7: Effects of As, Zn and Ni in the nutrient solution on the shoot S concentration (A, C and E 
respectively) and the shoot N concentration (B,D and F respectively) of soybean grown without (white) 
or with (black) the addition of Bradyrhizobium japonicum to the solution. Values are means (n=4) + 
one standard error. Where significant differences were found; columns with the same letter within a 
graph are not significantly different (Fisher’s Least Significant Difference, P>0.05). 
                                                                                                                                                                                
                                                                                                                         Experiment 1 
Chapter 3                                                                                                                                                                             52                                                                                                                             
  
 
Tissue sodium 
 
Arsenic treatment 
 
There was no significant effect of As treatment (P= 0.972 (roots) and 0.575 (shoots)) 
or bacteria treatments (P=0.082 (roots) and 0.396 (shoots)) on the sodium 
concentration in soybean roots and shoots (Figure 3.8A and B). 
  
Zinc treatment 
 
 There was a significant effect of bacteria on Na concentration in soybean roots (P= 
0.009) (Figure 3.8A) but no significant effect of bacteria was observed for soybean 
shoots (P=0.900) (Figure 3.8B). There was no significant effect of Zn treatment (P= 
0.390 (roots) and 0.179 (shoots)) on the Na concentration in soybean roots and 
shoots (Figure 3.8A and B).  
 
Nickel treatment  
 
There was no significant effect of Ni treatment (P= 0.619 (roots) and 0.053 (shoots)) 
or bacteria treatments (P=0.075 (roots) and 0.597 (shoots)) on the Na concentration 
in soybean roots and shoots (Figure 3.8A and B). 
     
 
Tissue magnesium 
 
Arsenic treatment 
 
Magnesium concentration in the roots and shoots of soybean in the As treated plants 
was not affected by bacterial inoculation (P= 0.074 and 0.310, respectively) (Figure 
3.8C and D). There was a significant effect of As treatment on Mg concentration in 
soybean roots (P= 0.006) (Figure 3.8C) but no significant effect of As treatment was 
observed for soybean shoots (P=0.809) (Figure 3.8D). 
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Figure 3.8: Effects of As, Zn and Ni in the nutrient solution on the root and shoot concentrations of 
Na (A, B), Mg (C, D), K (E, F) and Ca (G, H) in soybean grown without (white) or with (black) the 
addition of Bradyrhizobium japonicum to the solution. Values are means (n=4) + one standard error. 
Where significant differences were found; columns with the same letter within a graph are not 
significantly different (Fisher’s Least Significant Difference, P>0.05).  
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Zinc treatment 
 
Magnesium concentration in the roots and shoots of soybean was not affected by 
bacterial inoculation (P= 0.262 and 0.478, respectively) (Figure 3.8C and D). There 
was no significant effect of Zn treatment (P= 0.140 (roots) and 0.117 (shoots)) on Mg 
concentration in soybean roots and shoots (Figure 3.8C and D). However, there was a 
significant Zn by bacterial inoculation interaction (P=0.018) in soybean roots with 
increased Mg concentration in Zn treated inoculated plants (Figure 3.8C).  
 
Nickel treatment  
 
Magnesium concentration in the roots and shoots of soybean was not affected by 
bacterial inoculation (P= 0.113 and 0.575, respectively) nor Ni treatment (P= 0.911 
and 0.752, respectively) (Figure 3.8C and D). However, there was significant Ni by 
bacterial inoculation interaction effect (P=0.046) with increased Mg concentration in 
Ni treated inoculated plants compared to the other treatments (Figure 3.8C). 
 
Tissue potassium 
 
Arsenic treatment  
 
There was a significant effect of bacterial inoculation on the K concentration of 
soybean roots and shoots (P= 0.018 and 0.049 respectively) (Figure 3.8E and F). 
However, no significant effect of As treatment was observed on the K concentration 
for soybean roots (P=0.592) and shoots (P=0.954) (Figure 3.8E and F).  
 
Zinc treatment 
 
There was a significant effect of bacterial inoculation on the K concentration of 
soybean roots (P=0.002) and shoots (P=0.002) (Figure 3.8E and F). However, no 
significant effect of Zn treatment was observed on the K concentration for soybean 
roots and shoots (P= 0.756 and 0.505 respectively) (Figure 3.8E and F).  
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Nickel treatment  
 
There was a significant effect of bacterial inoculation on the K concentration of 
soybean roots and shoots (P= 0.001 and 0.048 respectively) (Figure 3.8E and F). 
However, no significant effect of Ni treatment was observed on the K concentration 
for soybean roots and shoots (P= 0.185 and 0.345 respectively) (Figure 3.8E and F). 
 
Tissue calcium 
 
Arsenic treatment  
 
For soybean roots, both the bacteria (P=0.004) and As treatments (P=0.027) had 
significant effects on the concentration of Ca (Figure 3.8G). However, for soybean 
shoots no significant effect of bacteria (P=0.813) or As treatment (P=0.860) was 
observed on the concentration of Ca (Figure 3.8H).  
 
Zinc treatment 
 
For soybean roots, both bacteria (P=0.001) and Zn treatment (P<0.001) had 
significant effects on the concentration of Ca (Figure 3.8G). Also there was significant 
Zn by bacterial inoculation interaction (P=0.023) effect in soybean roots with 
decreased Ca concentration in Zn treated inoculated plants (Figure 3.8G). For 
soybean shoots no significant effect of bacterial treatment (P=0.386) but significant 
effects of Zn treatment (P=0.029) was observed on the concentration of Ca (Figure 
3.8H).  
 
Nickel treatment  
 
For soybean roots, there was a significant effect of bacterial inoculation (P=0.009) 
but no significant effect of Ni treatment (P=0.058) on the concentration of Ca (Figure 
3.8G). No significant effects of bacteria (P=0.990) or Ni (P=0.908) were observed on 
the concentration of Ca in soybean shoots (Figure 3.8H). 
 
 
 
 
                                                                                                                                                                                
                                                                                                                         Experiment 1 
Chapter 3                                                                                                                                                                             56                                                                                                                             
  
 
Tissue manganese 
 
Arsenic treatment  
 
There was no significant effect of bacterial treatments on the Mn concentration in 
soybean roots and shoots (P=0.081 and 0.278 respectively) (Figure 3.9A and B). 
However, there was a significant effect of As treatment on Mn concentration in 
soybean roots (P= 0.001) (Figure 3.9A) but no significant effect of As treatment was 
observed for soybean shoots (P=0.450) (Figure 3.9B).  
 
Zinc treatment 
 
For soybean roots, both bacterial (P=0.011) and Zn treatments (P<0.001) had 
significant effects on the concentration of Mn (Figure 3.9A). Also there was 
significant Zn by bacterial inoculation interaction effect (P=0.034) on Mn 
concentration with decreased Mn concentration in the roots of Zn treated inoculated 
plants (Figure 3.9A). For soybean shoots no significant effect of bacterial treatment 
(P=0.104) and Zn treatment (P=0.281) was observed on the concentration of Mn in 
the shoots (Figure 3.9B).  
 
Nickel treatment  
 
In soybean roots, there was significant effect of bacterial inoculation (P=0.035) but 
no significant effect of Ni treatment (P=0.484) on the concentration of Mn (Figure 
3.9A). No significant effect of bacteria (P=0.304) or Ni (P=0.307) was observed on 
the concentration of Mn in soybean shoots (Figure 3.9B).  
 
Tissue iron 
 
Arsenic treatment  
 
There was a significant effect of bacterial inoculation on the Fe concentration of 
soybean roots and shoots (P= 0.049 and 0.002 respectively) (Figure 3.9C and D). 
There was no significant effect of As treatment on the Fe concentration of the 
soybean roots (P=0.303) (Figure 3.9C) but a significant effect of As treatment on the 
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Fe concentration was observed in soybean shoots (P=0.001) (Figure 3.9D). Also, 
there was a significant As by bacterial inoculation interaction (P=0.047) effect on Fe 
concentration with decreased Fe concentration in As treated inoculated plants 
(Figure 3.9D).  
 
Zinc treatment 
 
There was a significant effect of bacterial inoculation (P= 0.034) and Zn treatment 
(P<0.001) on iron concentration of soybean roots (Figure 3.9C). There was a 
significant Zn by bacterial inoculation interaction (P=0.001) effect on Fe 
concentration in soybean shoots with increased Fe concentration in Zn treated 
inoculated plants (Figure 3.9D).  
 
Nickel treatment  
 
There was significant effect of bacterial inoculation (P= 0.020 (roots) and 0.012 
(shoots)) and Ni treatment (P=0.001 (roots) and P<0.001 (shoots)) on the Fe 
concentration of soybean roots and shoots (Figure 3.9C and D). In addition, there 
was a significant Ni by bacterial inoculation interaction (P=0.004) effect on Fe 
concentration with increased Fe concentration in Ni treated inoculated plants in 
soybean shoots (Figure 3.9D). 
 
Tissue copper 
 
Arsenic treatment  
 
There was no significant effect of bacterial inoculation on the copper concentration of 
soybean roots and shoots (P= 0.604 and 0.615 respectively) (Figure 3.9E and F). 
There was a significant effect of As treatment on Cu concentration in soybean shoots 
(P=0.010) (Figure 3.9F) but no significant effect of As was observed for soybean roots 
(P=0.858) (Figure 3.9E). Also, there was a significant As by bacterial inoculation 
interaction effect (P=0.025) with increased Cu concentration in As treated inoculated 
plants in soybean roots (Figure 3.9E). 
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Figure 3.9: Effects of As, Zn and Ni in the nutrient solution on the root and shoot concentrations of  
Mn (A, B), Fe (C, D), Cu (E, F) and Zn (G, H) in soybean grown without (white) or with (black) the 
addition of Bradyrhizobium japonicum to the solution. Values are means (n=4) + one standard error. 
Where significant differences were found; columns with the same letter within a graph are not 
significantly different (Fisher’s Least Significant Difference, P>0.05). 
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Zinc treatment 
 
 There was no significant effect of bacterial inoculation (P=0.137 (roots) and 0.528 
(shoots)) and Zn treatment (P=0.077 (roots) and 0.382 (shoots)) on copper 
concentration of soybean roots and shoots (Figure 3.9E and F).  
 
Nickel treatment  
 
There was no significant effect of bacterial inoculation on the Cu concentration of 
soybean roots and shoots (P=0.088 and 0.902 respectively) (Figure 3.9E and F). 
There was a significant effect of Ni treatment (P=0.002) on Cu concentration in 
soybean shoots but no significant effect of Ni treatment (P=0.834) was observed for 
soybean roots (Figure 3.9E and F).  
 
Tissue zinc 
 
Arsenic treatment  
 
A significant effect of bacterial inoculation (P=0.010) was observed on the Zn 
concentration however, no significant effect of As (P=0.305) was found on the Zn 
concentration in soybean roots (Figure 3.9G). In contrast, in soybean shoots there 
was a significant effect of As (P=0.013) on the shoot Zn concentration and no 
significant effect of bacterial inoculation (P= 0.920) on the shoot Zn concentration 
(Figure 3.9H).  
 
Nickel treatment 
 
A significant effect of bacterial inoculation (P=0.014) was observed on the Zn 
concentration however, no significant effect of Ni treatment (P=0.055) was found on 
the Zn concentration in soybean roots (Figure 3.9G). In contrast, in soybean shoots 
there was a significant effect of Ni (P=0.003) on the shoot Zn concentration and no 
significant effect of bacterial inoculation (P= 0.952) on the shoot Zn concentration 
(Figure 3.9H). 
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3.4.2 Sunflower 
 
Biomass 
 
Arsenic treatment 
 
Dry weight of roots and shoots of sunflower was not significantly affected by elevated 
As in the nutrient solution (P=0.173 and P=0.138, respectively) nor by the inoculation 
treatment (P=0.832 and P=0.225, respectively) (Figure 3.10A and B and Figure 
3.11A).  
 
Zinc treatment 
 
Dry weight of roots and shoots of sunflower was not significantly affected by Zn in the 
nutrient solution (P=0.718 and P=0.794, respectively) nor by the inoculation 
treatment (P=0.523 and P=0.458, respectively) (Figure 3.10C and D and Figure 
3.11B).  
 
 
Nickel treatment 
 
There was no significant difference in root and shoot dry weight of sunflower in 
inoculated compared to non-inoculated plants (P= 0.469 and P=0.578, respectively) 
(Figure 3.10E and F). However, there was a significant difference of root and shoot 
dry weight in Ni-treated compared to untreated plants (P< 0.001 (roots), P<0.001 
(shoots)) (Figure 3.10E and F and Figure 3.11C).  
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Figure 3.10: Effects of As, Zn and Ni in the nutrient solution on the dry weight of roots (A) (C) (E) 
and dry weight of shoots (B) (D) (F) of sunflower respectively grown without (white) or with (black) 
the addition of Bradyrhizobium japonicum to the solution. Values are means (n=4) + one standard 
error. Where significant differences were found; columns with the same letter within a graph are not 
significantly different (Fisher’s Least Significant Difference, P>0.05). 
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Figure 3.11: Growth response of sunflower planted in solution culture under different combinations 
of heavy metals and Bradyrhizobium japonicum treatment. The (-) and (+) sign indicate the absence 
or presence of Bradyrhizobium japonicum in the vessels, respectively. 
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Heavy metal concentration in tissues 
 
Arsenic treatment 
 
There was no significant effect of bacterial inoculation on the concentration of As in 
sunflower roots and shoots (P=0.725 and P=0.690 respectively) (Figure 3.12A and B). 
However, there was a significant effect of As treatment on the concentration of As in 
sunflower roots and shoots (P<0.001 and P=0.033 respectively) with As treated 
plants having increased As than control plants (Figure 3.12A and B).  
 
Zinc treatment 
 
In sunflower roots, a significant effect of bacterial inoculation was observed on the 
concentration of Zn (P=0.006) (Figure 3.12C) however, in sunflower shoots there was 
no significant effect of bacterial inoculation on the concentration of Zn (P=0.324) 
(Figure 3.12D). There was a significant effect of Zn treatment on the concentration of 
Zn in sunflower roots and shoots (P<0.001 and P<0.001 respectively) with Zn treated 
plants having increased Zn than control plants (Figure 3.12C and D). 
 
Nickel treatment 
 
There was no significant effect of bacterial inoculation on the concentration of Ni in 
sunflower roots (P=0.508) (Figure 3.12E). However, in sunflower shoots, a 
significant effect of bacterial inoculation was found on the Ni concentration 
(P=0.026) and a significant Ni by bacterial inoculation interaction (P=0.021) with 
increased Ni concentration in Ni treated inoculated plants (Figure 3.12F). There was 
a significant effect of Ni treatment on the concentration of Ni in sunflower roots and 
shoots (P<0.001 and P<0.001 respectively) with Ni treated plants having increased 
Ni compared to control plants (Figure 3.12 E and F). 
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Figure 3.12: Effects of As, Zn and Ni in the nutrient solution on the root and shoot concentrations of 
As (A, B), Zn (C, D) and Ni (E, F) in sunflower respectively grown without (white) or with (black) the 
addition of Bradyrhizobium japonicum to the solution. Values are means (n=4) + one standard error. 
Where significant differences were found; columns with the same letter within a graph are not 
significantly different (Fisher’s Least Significant Difference, P>0.05). 
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Siderophores and auxin 
 
Arsenic treatment 
 
The siderophore concentration in the nutrient solution near sunflower roots was not 
significantly different in inoculated compared to non-inoculated plants (P=0.386) 
(Figure 3.13A). In comparison, there was a significant increase in siderophore 
concentration in As-treated plants compared to untreated plants (P=0.037) (Figure 
3.13A).  
 
There was no significant difference in auxin concentration in As-treated compared to 
untreated plants (P=0.118) (Figure 3.13B). However, there was a significant 
difference in auxin concentration in the nutrient solution near sunflower roots in 
inoculated compared to non-inoculated plants (P= 0.002) and a significant As by 
bacterial inoculation interaction (P=0.044) with decreased auxin concentration in As 
treated inoculated plants (Figure 3.13B).  
 
Zinc treatment 
 
The concentration of siderophores in sunflower root exudate solution did not change 
significantly in inoculated compared to non-inoculated plants (P= 0.577) (Figure 
3.13C). There was no significant difference in the siderophore concentration in Zn-
treated compared to untreated plants (P= 0.128) but there was a significant Zn by 
bacterial inoculation interaction (P<0.001) effect with increased siderophore 
concentration in Zn treated inoculated plants (Figure 3.13C).  
 
The auxin concentration of sunflower roots did not change significantly in inoculated 
compared to non-inoculated plants (P= 0.069) (Figure 3.13D). In addition, there was 
no significant change in auxin concentration in Zn-treated compared to untreated 
plants (P= 0.781) but a significant Zn by bacterial inoculation interaction (P=0.001) 
with increased auxin concentration in Zn treated inoculated plants (Figure 3.13D).  
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Figure 3.13: Effects of As, Zn and Ni in the nutrient solution on the siderophore concentration (A) 
(C) (E) and the auxin concentration (B) (D) (F) in the root zone of sunflower respectively grown 
without (white) or with (black) the addition of Bradyrhizobium japonicum to the solution. Values are 
means (n=4) + one standard error. Where significant differences were found; columns with the same 
letter within a graph are not significantly different (Fisher’s Least Significant Difference, P>0.05). 
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Nickel treatment 
 
There was a significant decrease in siderophore concentration in inoculated 
compared to non-inoculated sunflower plants (P<0.001) (Figure 3.13E). 
Furthermore, there was a significant difference in siderophore concentration in Ni-
treated compared to untreated plants (P<0.001) and a significant Ni by bacteria 
inoculation interaction with decreased siderophore concentration in Ni treated 
inoculated plants (Figure 3.13E).  
 
There was no significant effect of bacterial inoculation on the concentration of auxin 
released from sunflower roots (P= 1.000) (Figure 3.13F). In addition, there was no 
significant increase of auxin concentration in Ni-treated compared to untreated 
plants (P= 0.128) but a significant Ni by bacterial inoculation interaction (P<0.001) 
effect with increased auxin concentration in Ni treated inoculated plants (Figure 
3.13F).  
 
Tissue nutrient concentration 
 
Tissue sodium 
 
Arsenic treatment  
 
There was no significant effect of As treatment (P=0.267) or bacterial treatment 
(P=0.554) on the Na concentration in sunflower shoots (Figure 3.14B). For sunflower 
roots, there was a significant effect of bacterial inoculation (P=0.019) but no 
significant effect of As treatment (P=0.112) on the concentration of Na in roots 
(Figure 3.14A). 
 
Zinc treatment 
 
There was a significant effect of bacterial (P= 0.001) and Zn treatments (P=0.027) on 
the Na concentration in sunflower roots (Figure 3.14A). However, there was no 
significant effect of bacterial (P=0.352) or Zn (P= 0.871) treatments on the Na 
concentration in sunflower shoots (Figure 3.14B).  
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Nickel treatment  
 
There was a significant effect of bacterial (P= 0.011) and Ni treatments (P=0.023) on 
the Na concentration in sunflower roots (Figure 3.14A). However, there was no 
significant effect of bacterial (P=0.941) or Ni (P= 0.121) treatments on the Na 
concentration in sunflower shoots (Figure 3.14B). 
 
Tissue magnesium 
 
Arsenic treatment  
 
The Mg concentration in the roots and shoots of sunflower was not affected by 
bacterial inoculation (P=0.602 and 0.248, respectively) or As treatment (P= 0.711 
and 0.288, respectively) (Figure 3.14C and D).  
 
Zinc treatment 
 
The Mg concentration in the roots and shoots of sunflower was not significantly 
affected by bacterial inoculation (P= 0.104 and 0.254, respectively) or Zn treatment 
(P=0.414 and 0.910, respectively) (Figure 3.14C and D).  
 
Nickel treatment  
 
There was a significant effect of Ni treatment on the Mg concentration in sunflower 
roots and shoots (P<0.001 and P<0.001 respectively) (Figure 3.14C and D). The Mg 
concentration in the roots and shoots of sunflower was not affected by bacterial 
inoculation (P= 0.178 and 0.515, respectively) (Figure 3.14C and D). 
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Figure 3.14: Effects of As, Zn and Ni in the nutrient solution on the root and shoot Na (A, B), Mg (C, 
D), K (E, F), and Ca (G, H) concentrations of sunflower grown without (white) or with (black) the 
addition of Bradyrhizobium japonicum to the solution. Values are means (n=4) + one standard error. 
Where significant differences were found; columns with the same letter within a graph are not 
significantly different (Fisher’s Least Significant Difference, P>0.05). 
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Tissue potassium 
 
Arsenic treatment  
 
There was no significant effect of As treatment (P= 0.371 (roots) and 0.199 (shoots)) 
or bacteria treatments (P=0.969 (roots) and 0.471 (shoots)) on the K concentration in 
sunflower roots and shoots (Figure 3.14E and F).  
 
Zinc treatment 
 
There was no significant effect of bacterial inoculation (P= 0.571 (roots) and 0.825 
(shoots)) or Zn treatment (P= 0.235 (roots) and 0.309 (shoots)) on the K 
concentration of sunflower roots and shoots (Figure 3.14E and F).  
 
 
Nickel treatment  
 
There was a significant effect of Ni treatment on the K concentration of sunflower 
roots and shoots (P= 0.021 and <0.001 respectively) (Figure 3.14E and F). In 
addition, a significant effect of bacterial inoculation was observed for sunflower roots 
(P=0.017) on the K concentration but there was no significant effect of bacterial 
treatment on the K concentration in sunflower shoots (P= 0.912) (Figure 3.14 E and 
F).  
 
Tissue calcium 
 
Arsenic treatment  
 
For sunflower roots, there was a significant As by bacterial inoculation interaction 
effect with decreased Ca concentration in As treated inoculated plants (P= 0.008) but 
no significant effect of As treatment (P=0.480) or bacteria treatment (0.162) was 
observed on the concentration of Ca in the roots (Figure 3.14G). No significant effects 
of bacteria (P=0.811) or As treatment (P=0.073) was observed on the concentration 
of Ca in sunflower shoots (Figure 3.14H).  
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Zinc treatment 
 
Calcium concentration in the roots and shoots of sunflower was not significantly 
effected by bacterial inoculation (P= 0.744 and 0.409, respectively) or Zn treatment 
(P=0.373 and 0.942, respectively) (Figure 3.14G and H). However, a significant Zn by 
bacterial inoculation interaction effect occurred in sunflower roots (P=0.045) with 
decreased Ca concentration in Zn treated inoculated plants (Figure 3.14G).  
 
Nickel treatment  
 
For sunflower roots, there was a significant effect of Ni treatment (P=0.014) but no 
significant effect of bacterial inoculation (P=0.129) on the concentration of Ca in the 
roots (Figure 3.14G). No significant effect of bacteria (P=0.831) or Ni (P=0.071) was 
observed on the concentration of Ca in sunflower shoots (Figure 3.14H). 
 
 
Tissue manganese 
 
Arsenic treatment  
 
In sunflower roots, there was a significant As by bacterial inoculation interaction (P= 
0.033) effect with decreased Mn concentration in As treated inoculated plants but no 
significant main effects of As (P=0.648) or bacteria treatment (P=0.648) were 
observed on the concentration of Mn (Figure 3.15A). Also no significant effect of 
bacteria (P=0.541) or As (P=0.404) was observed on the concentration of Mn in 
sunflower shoots (Figure 3.15B).  
 
Zinc treatment 
 
There was no significant effect of bacterial inoculation (P= 0.649 (roots) and 0.132 
(shoots)) and Zn treatment (P= 0.861 (roots) and 0.968 (shoots)) on the Mn 
concentration of sunflower roots and shoots (Figure 3.15A and B).  
 
 
 
                                                                                                                                                                                
                                                                                                                         Experiment 1 
Chapter 3                                                                                                                                                                             72                                                                                                                             
  
 
Nickel treatment  
 
For sunflower roots, there was a significant effect of Ni treatment (P=0.004) but no 
significant effect of bacterial inoculation (P=0.146) on the concentration of Mn 
(Figure 3.15A). In addition, no significant effects of bacteria (P=0.132) or Ni 
(P=0.968) were observed on the concentration of Mn in sunflower shoots (Figure 
3.15B). 
 
Tissue iron 
 
Arsenic treatment  
 
In sunflower roots, there was a significant As by bacterial inoculation interaction (P= 
0.026) effect on Fe concentration with decreased Fe concentration in As treated 
inoculated plants. However, no significant effect of the As (P=0.368) or bacterial 
(P=0.530) treatments was observed on the concentration of Fe in the roots (Figure 
3.15C). Also no significant effect of bacteria (P=0.452) or As (P=0.115) was observed 
on the concentration of Fe in sunflower shoots (Figure 3.15D). 
 
Zinc treatment 
 
 For sunflower roots, there was a significant effect of Zn treatment (P<0.001) on Fe 
concentration but no significant effect of bacterial treatment (P=0.459) on Fe 
concentration (Figure 3.15C). For sunflower shoots, there was no significant effect of 
Zn treatment (P=0.147) and bacterial inoculation (P=0.367) on the concentration of 
Fe of shoots (Figure 3.15D).  
 
Nickel treatment  
 
There was no significant effect of bacterial inoculation (P= 0.217) or Ni treatment 
(P=0.727) on the Fe concentration of sunflower roots (Figure 3.15C). However, there 
was a significant effect of Ni treatment (P=0.014) on Fe concentration in sunflower 
shoots but no significant effect of bacteria (P=0.159) on Fe concentration (Figure 
3.15D). 
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Figure 3.15: Effects of As, Zn and Ni in the nutrient solution on the root and shoot Mn (A, B), Fe (C, 
D), Cu (E, F) and Zn (G,H) concentrations of sunflower grown without (white) or with (black) the 
addition of Bradyrhizobium japonicum to the solution. Values are means (n=4) + one standard error. 
Where significant differences were found; columns with the same letter within a graph are not 
significantly different (Fisher’s Least Significant Difference, P>0.05). 
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Tissue copper 
 
Arsenic treatment  
 
There was no significant effect of bacterial inoculation (P=0.421 (roots) and 0.716 
(shoots)) or As treatment (P= 0.891 (roots) and 0.131 (shoots)) on the Cu 
concentration of sunflower roots and shoots (Figure 3.15E and F).  
  
Zinc treatment 
 
There was a significant effect of Zn treatment on Cu concentration of sunflower roots 
and shoots (P<0.001 and P<0.001 respectively) (Figure 3.15E and F). However, there 
was no significant effect of bacterial inoculation on the Cu concentration in sunflower 
roots and shoots (P=0.942 and 0.605 respectively) (Figure 3.15E and F).  
 
Nickel treatment  
 
There was no significant effect of bacterial inoculation on Cu concentration of 
soybean roots and shoots (P=0.088 and 0.902) (Figure 3.15E and F). There was a 
significant effect of Ni treatment on Cu concentration in sunflower roots and shoots 
(P= 0.010 and 0.014 respectively) but no significant effect of bacterial inoculation 
(P= 0.928 and 0.620 respectively) was observed on Cu concentration for sunflower 
roots and shoots (Figure 3.15E and F).  
 
Tissue zinc 
 
Arsenic treatment  
 
There was no significant effect of As treatment (P=0.174 (roots) and P=0.092 
(shoots)) or bacteria (P=0.068 (roots) and P=0.516 (shoots)) on the Zn concentration 
in sunflower roots (Figure 3.15G) and shoots (Figure 3.15H) but a significant As by 
bacterial inoculation interaction (P=0.016) effect on the Zn concentration in 
sunflower roots with decreased Zn concentration in As treated inoculated plants 
(Figure 3.15G).  
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Nickel treatment 
 
There was no significant effect of Ni (P=0.227 (root) and P=0.099 (shoot)) or 
bacterial treatments (P=0.823 (root) and P=0.759 (shoot)) on the Zn concentration 
in sunflower roots and shoots (Figure 3.15G and H). 
 
 
3.5 Discussion 
 
3.5.1 Soybean  
 
In soybean, an increased root biomass (DW) in inoculated compared to non-
inoculated plants was seen in the presence of elevated As (Figure 3.2A).  This was not 
due to improved N nutrition, as all plants had equivalent N concentration in the 
shoots irrespective of inoculation status (Figure 3.7B).  In addition, the plants grown 
in the As treatment were able to form root nodules and this result is similar to a study 
where blackgram (Vigna mungo) grown in As contaminated soil in presence of 
rhizobium strain VMA301 were able to attain significant number of nodules 
compared to plants grown in control soil (Mandal et al., 2011).  The effect of B. 
japonicum on improving soybean biomass was not due to a reduced internal As 
concentration, as there were no significant differences between the As concentrations 
of roots or shoots of inoculated and non-inoculated plants (Figure 3.4 A and B).  
 
The growth stimulation was likely due to the growth-promoting hormone auxin, as in 
the presence of rhizobia the auxin concentration in the root zone was increased 
significantly (Figure 3.6B). Similar results were found in a study where the Rhizobium 
leguminosarum bv. Trifolii  increased auxin concentration in rice  roots (Oryza 
sativa L.) (Yanni et al., 2001). Moreover this growth stimulation might be due to a 
chelating substance, i.e., siderophores, as in presence of B. japonicum, siderophore 
concentration was also increased significantly (Figure 3.6A). Growth enhancement of 
roots by siderophores were also found in a study where increased cell growth was due 
to siderophores produced by Pseudomonas azotoformans in As-contaminated soil 
(Nair et al., 2007). In addition, the As treatment had a positive effect on siderophore 
production as there was a significant increase in the concentration of siderophores in 
As-treated compared to control plants. The increase in siderophores subsequently 
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increased the bioavailability and uptake of other nutrients, e.g. in the presence of 
rhizobia, the Fe concentration in both roots and shoots was increased significantly 
(Figure 3.9C and D). Similar finding was observed in a study where rhizobial 
inoculation (Bradyrhizobium japonicum Tal 110) of sorghum (Sorghum bicolor L.) 
and finger millet (Eleucine coracana L.) resulted in enhance siderophore production 
which subsequently increased Fe uptake (Matiru et al., 2005). Even though the 
bacterial treatment had higher concentrations of certain nutrients i.e., K, Ca (Figure 
3.8E and G), Fe (Figure 3.9C) in the roots and S in the shoots (Figure 3.7A), it is 
unlikely that this caused the biomass increase in inoculated plants with As-
treatments as all the nutrients were present in sufficient concentrations in both non-
inoculated and inoculated plants (Reuter, 1997). This is in comparison to a study 
where it was demonstrated that rhizobial inoculation of cereals can result in an 
increase in plant growth via improved P and K nutrition and possibly the release of 
metabolites such as auxin under axenic condition (Matiru et al., 2005).  
 
The total number of nodules per plant was negatively affected by As treatment 
(Figure 3.5A) and these results are similar to a study where nodule production in 
alfalfa plant was reduced by As treatment (Neumann et al., 1998). In another study, 
testing the growth promoting properties of B. japonicum it was suggested that the 
reduction in the number of total nodules in the presence of As was likely due to a 
reduction in infection sites rather than the direct toxicity of As to the bacteria 
(Reichman, 2007). So, it is likely that a similar situation occurred in the current 
study. This is supported by the increased proportion of active nodules in B. 
japonicum inoculated plants in presence of As (Figure 3.5B) suggesting that the 
bacteria were tolerant of the As in solution.  
 
Bradyrhizobium japonicum did not have a growth promoting effect on soybean 
plants in presence of Zn (Figure 3.2C and D). Thus, it appears that the soybean 
species were relatively tolerant of Zn compared to a number of other species 
(Reichman et al., 2004).  However, N in the shoots of soybean was significantly 
affected by Zn treatment and bacterial inoculation and there was a significant Zn by 
bacterial inoculation interaction effect (Figure 3.7D). In the Zn treatment, the 
siderophore concentration increased significantly in the presence of bacteria (Figure 
3.6C), which is likely to have resulted in the increased iron concentration in soybean 
roots (Figure 3.9C).  
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Bradyrhizobium japonicum inoculation did not result in a growth promotion of 
soybean plants grown in excess Ni (2.5 µM) in the solution (Figure 3.2E and F). 
Symptoms of Ni toxicity can generally be observed between 0.19 and 0.85 µM Ni in 
the growing medium (Kramer et al., 1997). Therefore, the concentration used for Ni 
was higher than critical Ni toxicity level and was responsible for the weaker growth of 
plants in presence of bacteria (Figure 3.2 E and F). Furthermore, the Ni treated 
plants without bacteria had a greater N shoot concentration than in the other three 
treatments (Figure 3.7F). The number of nodules per plant at the time of harvest 
decreased significantly in Ni treated compared to untreated plants (Figure 3.5E) and 
suggests that the bacteria were thus less able to promote the growth of soybean due to 
sensitivity to Ni in solution. The siderophore concentration increased significantly in 
the presence of bacteria (Figure 3.6E), which may have resulted in the increased Fe 
concentration in soybean roots (Figure 3.9C). Thus, the bacteria had a positive effect 
on producing siderophores and Fe-binding potential in presence of Ni similar to for 
As, but this did not result in a growth promotion effect.  
 
3.5.2 Sunflower 
 
In sunflower plants, there was no effect of bacteria on the biomass and tissue N 
concentration of plants in the presence of As in the growing medium (Figure 3.10A 
and B). Similar observation was found in a study where the diversity of rhizobacteria 
associated with sunflower (Helianthus annuus L.) cropped in the south of Brazil was 
assessed and it was found that though shoot and root biomass were increased by 
inoculation with each of the isolates, these increases were not significantly different 
from controls (Ambrosini et al., 2012). However, a significant increase of 
siderophores concentration was observed in As-treated compared to control plants 
(Figure 3.13A) and a significant As by bacterial inoculation interaction effect on Fe 
concentration with lower Fe concentrations in inoculated As exposed plants (Figure 
3.15C). Thus, it appears that B. japonicum inoculation augments siderophore 
production without increasing the tissue Fe concentration in sunflower as there was a 
decrease in Fe concentration in the roots (Figure 3.10A). Again there was a significant 
increase in root auxin concentration in inoculated compared to non-inoculated plants 
and a significant As by bacterial inoculation interaction (Figure 3.13B), which 
correlated the siderophore activity in bacteria treated plants (Figure 3.10A and B). 
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Though there was significant effect of bacterial inoculation on the concentration of 
certain nutrients i.e., Na (Figure 3.14A), Ca (Figure 3.14G) and Mn (Figure 3.15A), 
bacteria had no positive effect on plant biomass. 
 
No effect of bacteria was observed on the biomass of sunflower plants in the presence 
of Zn in the nutrient solution (Figure 3.10C and D). Like in the As treatment, a 
significantly increased concentration of siderophores was observed in Zn-treated 
inoculated plants (Figure 3.13C). Also, tissue Fe concentration increased in Zn-
treated plants, which was correlated with the increased siderophores concentration 
(Figure 3.15C). Though there was a significant Zn by bacterial inoculation interaction 
on auxin (Figure 3.13D), there was no effect of the bacteria on the biomass of the 
plants (Figure 3.10C and D).  
 
There was a significant decrease of root and shoot DW in Ni-treated compared to 
untreated sunflower plants (Figure 3.10E and F). Also for sunflower shoots, a 
significant effect of bacterial inoculation was found on the Ni concentration and a 
significant Ni by bacterial inoculation interaction with higher Ni concentrations in 
inoculated Ni exposed plants (Figure 3.12F) that indicates plants are highly sensitive 
to Ni. There was a significant decrease in the siderophore concentration in inoculated 
compared to non-inoculated sunflower plants (Figure 3.13E) which rather indicates a 
negative effect of bacteria on siderophore concentration. Furthermore, there was 
significant decrease in the siderophore concentration in Ni-treated compared to 
untreated plants and a significant Ni by bacterial inoculation interaction (Figure 
3.13E) and as a result Fe concentration in sunflower shoots decreased significantly in 
Ni treated plants (Figure 3.15D).  
 
3.5.3 Soybean vs. sunflower 
 
A number of growth promoting associations between non-legumes and rhizobial 
species have been found in the literature (Yanni et al., 1997, Chabot et al., 1996, 
Matiru et al., 2005, Biswas et al., 2000). Bradyrhizobium japonicum has been shown 
to colonise the epidermis and internal root regions, but does not form root nodules 
on non-legume hosts (Yanni et al., 2001, Schloter et al., 1997). The current study 
utilizes this species of rhizobium and has demonstrated that B. japonicum has more 
growth promoting potential in its standard legume host, soybean, compared to the 
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non-legume, sunflower. Soybean plants had significantly increased root biomass in 
the presence of As compared to control plants (Figure 3.2A) whereas no significant 
effect on root biomass was observed in sunflower, a non-legume plant (Figure 3.10A). 
This finding suggests that in soybean the plant growth promoting potential of 
bacteria function better rather than in sunflower. 
 
Several parameters were analysed to test the PGPR effect in both soybean and 
sunflower: growth promoting hormone i.e., auxin, chelating agent i.e., siderophore, 
tissue N and a number of nutrients in both roots and shoots i.e., S, Na, Mg, K, Ca, 
Mn, Fe, Cu, and Zn. 
 
In soybean, both the concentrations of auxin and siderophores were increased 
significantly in presence of As compared to control treatments. However, in 
sunflower, no significant effect on auxin and siderophores were found in presence of 
As. In addition, in soybean, the siderophore concentration was increased significantly 
in presence of Ni, however, the opposite effect was found in sunflower having 
decreased siderophores in Ni-treated compared to control ones. In soybean, the 
nutrients K, Ca, Fe concentration in roots and S in shoots was increased significantly 
in presence of As however, no significant increase was found in sunflower plants for 
these nutrients in presence of As. Also, there was significant effect of bacteria on K, 
Mn concentrations in soybean roots in Zn treated plants but no significant effect of 
bacteria was found in sunflower for these nutrients. Furthermore, in soybean, there 
was Ni by bacterial inoculation interaction effect on both Mg and Fe concentrations 
with increased nutrients in bacteria treated plants, however, these nutrients 
decreased in sunflower. Thus, it would appear that the growth promoting effect of B. 
japonicum is reliant on the legume-rhizobial.  Why this would be is not clear, given 
that a number of other studies (Garcia-Fraile et al., 2012, Antoun et al., 1998, 
Mehboob et al., 2009) have shown a growth promoting effect of rhizobium on non-
legumes.  
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3.6 Conclusions 
 
Some plant growth-promoting rhizobacteria can significantly boost the growth of 
plants in the presence of heavy metals (Burd et al., 1998, Burd et al., 2000). These 
bacteria have demonstrated a considerable increase in tolerance to heavy metals in 
their host plant and subsequently improved the overall development, symbiosis and 
yield of the plant species (Gupta et al., 2004, Wani et al., 2008b).   
 
In the current study, B. japonicum had a positive effect on soybean root biomass 
(Figure 3.2A), auxin (Figure 3.6B) and siderophore (Figure 3.6A) concentration in 
root zone and Fe concentration (Figure 3.9C and D) in the presence of As. 
Bradyrhizobium japonicum had significant effects on the proportion of active 
nodules capable of fixing atmospheric N in both As (Figure 3.5B) and Zn (Figure 
3.5D) treatments. Though there was significant effect of bacteria in As and in some 
cases Zn treatment, however, it had no growth promoting effect in presence of Ni. 
Therefore, PGPR has growth promoting potential on As contaminated soybean plants 
over Zn and Ni. 
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Chapter 4 
 
Testing the effects of Bradyrhizobium 
japonicum on the tolerance of plants to arsenic 
and salinity in solution culture 
 
 
4.1 Introduction 
 
Bradyrhizobium japonicum CB1809 has growth promoting properties for soybean 
grown under conditions of excess arsenic (Reichman, 2007). However, often more 
than one environmental stress is present in soils.  Thus, it is important to test the 
ability of Bradyrhizobium japonicum to act as a plant growth promoting 
rhizobacteria (PGPR) under conditions of multiple stresses.  Salinity is a common 
stress-factor in soils globally (Schleiff, 2008, Hasegawa et al., 2000). As the plant 
roots have good access to the solution contents in hydroponics this experiment will 
provide precise information regarding the possible effects under controlled 
conditions of the treatments. This chapter will investigate the plant growth 
promoting properties of B. japonicum under the dual stresses of As and salinity. 
 
 
4.2 Objectives 
 
1. To determine if Bradyrhizobium japonicum CB1809 improves the 
tolerance of Glycine max (soybean) to combined stresses of As and NaCl in 
solution culture. 
2. To investigate potential mechanisms by which the growth promoting 
effects of Bradyrhizobium japonicumCB1809 occur.   
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4.3 General materials and methods 
 
4.3.1 Experimental design 
 
The experiment was a solution culture experiment in a growth chamber (Conviron 
Adaptis A1000). It had a 3-way factorial design with two levels each of As, salinity 
and bacteria. The plant species tested was Glycine max cv. Zeus (soybean) with plus 
or minus bacteria, Bradyrhizobium japonicum CB1809. All treatment combinations 
were replicated four times. Thus, the number of vessels was 32, i.e. two As treatments 
by two NaCl treatments by two bacteria treatments by four replicates.  
 
4.3.2 Seed germination 
 
Seeds were surface-sterilized in 10% sodium hypochlorite for 15 min, rinsed in 
deionised water and then germinated on moistened rolled germination towels in the 
growth chamber with 12h day/12h night set at 28°C/25°C temperature regime. After 
10 days (day 0 of the experiment) seedlings were transferred to 2000 mL 
polypropylene light-proof vessels with four seedlings per vessel (Reichman, 2007).  
Six days later the seedlings were thinned to two per vessel with the largest and 
smallest seedling removed from each vessel.  
 
4.3.3 Solution culture 
 
Basal nutrients were supplied as (µM): N 500 (1:4 NH4+: NO3-), P 15, K 250, Ca 1000, 
Mg 100, S 1235, Mn 0.25, Zn 0.5, Cu 0.1, Fe 20 as Fe(III)HEDTA, B 3, Mo 0.05, and 
Co 0.04 (Reichman, 2007). To buffer the nutrient solution at pH 6.0, the solution 
contained 1 mM MES and 0.5 mM NaOH. Daily measurements of pH were taken and 
adjusted with 0.1 M NaOH or 0.1 M HCl. Nutrient solutions were changed on days 8, 
15, 22, 25 and 27.  
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4.3.4 Treatments 
 
The experiment consisted of a factorial combination of: a trace metal only control and 
5 µM As (Na2HAsO4.7H2O) treatments, both with and without 100 mM NaCl. The 
treatments were added 48 hours after transfer of seedlings to solution culture.  
 
4.3.5 Bacterial inoculum 
 
On Day 3 of the experiment the inoculum broth was prepared under sterile 
conditions, dissolving 0.5 g of concentrated freeze-dried Bradyrhizobium japonicum 
strain CB1809 (Easyrhiz, New-Edge Microbials, Albury, Australia) per 100 mL of 
autoclaved (120 ◦C, 10 min) ultrapure (18 ΩM) water. A 1.8 mL aliquot of the 
inoculum broth was added to each plus-inoculum vessel while minus-inoculum 
vessels each received a 1.8 mL aliquot of ultrapure water. This was equivalent to a 
broth of ~ 1.3 x 1010 colony forming unit mL-1. The nutrient solutions were re-
inoculated with bacteria or ultrapure water on days 8 and 15 when the nutrient 
solutions were refreshed. 
 
4.3.6 Harvest 
 
Plants were harvested on day 29. Plants were separated into roots and shoots, rinsed 
in 10% decon solution and then rinsed three times in ultrapure water. The number of 
root nodules per pot was determined. Each nodule was dissected and the internal 
colour scored as pink or white for the presence or absence of leghaemoglobin, 
respectively, and thus, as an index of potential N-fixation (Ott et al., 2005, Angle et 
al., 1993, Wittenbe et al., 1974). Roots and shoots were then oven dried separately for 
48 hours at 60-80 ◦C. 
 
4.3.7 Rhizosphere tests 
 
Production of iron-solubilising compounds (siderophores) in the root zone was tested 
by collecting samples of the nutrient solution near the plant roots on the day of 
harvest. The samples were filtered with minisart 0.45 µM microfiber filters and 
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preserved in the freezer until further analysis. Iron solubilising compounds were 
analysed using the revised iron-binding assay (Reichman and Parker, 2007) (see 
section 3.3.7 for more detail). 
 
4.3.8 Plant analysis 
 
Oven dried, shoot and root samples were weighed and ground shoot samples were 
used for the analyses outlined below.  
 
Samples were hot block digested with 5 mL of 70 % concentrated HNO3 at 
temperature of 115 °C for 4 hours, diluted with ultrapure water (Reichman, 2007) and 
then preserved at 4°C until later analysis. ICP-MS (Inductively coupled plasma mass 
spectrometry) was used for determining concentration of As, Na, Fe and P.  Shoot 
samples were analysed For N with a LECO C/N analyser. 
 
4.3.9 Statistical analysis 
 
Statistical analyses were conducted using Minitab (version 16) to compare treatment 
effects. Means were compared by Analysis of Variance and multiple comparison tests 
(Fishers Least Significant differences). Differences were considered significant at 
P<0.05 (see section 3.3.10 for more detail). Detailed statistical result tables are 
included in appendix C. 
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4.4 Results  
 
4.4.1 Effect of salinity and As treatment 
  
Biomass 
 
Dry weight of soybean roots and shoots was not significantly affected by NaCl in the 
nutrient solution (P= 0.600 and P= 0.706, respectively) nor by the As treatment (P= 
0.086 and P= 0.165, respectively) (Figure 4.1A and B). There was no significant effect 
of inoculation treatment on the DW of soybean roots and shoots (P= 0.473 and P= 
0.545, respectively) (Figure 4.1A and B). 
 
Stress factors 
 
There was a significant effect of NaCl treatment (P=0.03) on the As concentration of 
soybean shoots (Figure 4.2 A). There was a significant effect of As treatment 
(P<0.001) on As concentration in soybean shoots with As treated plants having 
increased As compared to untreated ones (Figure 4.2 A). Arsenic concentration of 
soybean shoots was not significantly affected by bacterial inoculation (P= 0.590) 
(Figure 4.2A).  
 
There was a significant effect of NaCl (P<0.001) on the Na concentration of soybean 
shoots (Figure 4.2B). However, no significant effect of As (P=0.461) or bacterial 
inoculation (P=0.106) was observed on the Na concentration for soybean shoots 
(Figure 4.2B).  
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Figure 4.1: Effects of salinity and As in the nutrient solution on the dry weight of roots (A) and shoots 
(B) of soybean respectively grown without or with the addition of Bradyrhizobium japonicum to the 
solution. The absence or presence of As and bacteria is indicated as As (-) or As (+) and Bact (-) or Bact 
(+) respectively. The absence or presence of NaCl is indicated as NaCl (-) or NaCl (+) respectively. 
Values are means (n=4) + one standard error.  
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Figure 4.2: Effects of salinity and As in the nutrient solution on the shoot As (A) and shoot Na 
concentration (B) of soybean grown without or with the addition of Bradyrhizobium japonicum to the 
solution. The absence or presence of As and bacteria is indicated as As (-) or As (+) and Bact (-) or Bact 
(+) respectively. The absence or presence of NaCl is indicated as NaCl (-) or NaCl (+) respectively. 
Values are means (n=4) + one standard error. Where significant differences were found; columns with 
the same letter within a graph are not significantly different (Fisher’s Least Significant Difference, 
P>0.05). 
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Nodulation of inoculated plants 
 
No plants in the non-inoculated treatments produced root nodules during the 
experiment. There was a significant effect of NaCl on the number of nodules per plant 
(P<0.001) with NaCl-treated plants having fewer nodules per plant than the controls 
(Figure 4.3A). The number of nodules per plant at the time of harvest decreased 
significantly in As-treated compared to untreated plants (P=0.001) (Figure 4.3A). 
Also there was a significant As by salinity interaction on the total number of nodules 
per plant (P=0.010) with decreased total number of nodules in NaCl and As treated 
plants (Figure 4.3A). The proportion of root nodules with N-fixing capacity decreased 
significantly in NaCl-treated compared to untreated plants (P<0.001) (Figure 4.3B). 
In comparison, the proportion of nodules was not significantly (P=0.341) affected by 
As in the nutrient solution (Figure 4.3B). 
 
Siderophores 
 
There was a significant effect of NaCl (P<0.001) on the concentration of siderophores 
near the roots of soybean with NaCl-treated plants having less siderophore compared 
to untreated plants (Figure 4.4A). Moreover, there was a significant effect of 
inoculation treatment (P<0.001) on the concentration of siderophores (Figure 4.4A). 
The siderophore concentration in the root zone of soybean was not significantly 
affected by As treatment in solution (P= 0.146) (Figure 4.4A).  
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Figure 4.3: Effects of salinity and As in the nutrient solution on the number of root nodules per plant 
(A) and the proportion of root nodules with active N fixing capability (B) of soybean respectively grown 
without (white) or with (black) the addition of Bradyrhizobium japonicum to the solution. The 
absence or presence of As and bacteria is indicated as As (-) or As (+) and Bact (-) or Bact (+) 
respectively. The absence or presence of NaCl is indicated as NaCl (-) or NaCl (+) respectively. Values 
are means (n=4) + one standard error. Where significant differences were found; columns with the 
same letter within a graph are not significantly different (Fisher’s Least Significant Difference, P>0.05) 
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Figure 4.4: Effects of salinity and As in the nutrient solution on the siderophore concentration (A) 
and the shoot Fe concentration (B) of soybean respectively grown without or with the addition of 
Bradyrhizobium japonicum to the solution. The absence or presence of As and bacteria is indicated as 
As (-) or As (+) and Bact (-) or Bact (+) respectively. The absence or presence of NaCl is indicated as 
NaCl (-) or NaCl (+) respectively. Values are means (n=4) + one standard error. Where significant 
differences were found; columns with the same letter within a graph are not significantly different 
(Fisher’s Least Significant Difference, P>0.05). 
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Tissue nutrient concentration 
 
For the Fe concentration in soybean shoots, there was no significant effect of NaCl 
(P=0.439) or As treatment (P= 0.058) (Figure 4.4B). Also, the Fe concentration in 
soybean shoots was not significantly affected by bacterial inoculation (P=0.504) 
(Figure 4.4B). 
 
There was no significant effect of NaCl, As nor bacterial treatment on the N 
concentration in soybean shoots (P=0.108, 0.139 and 0.945, respectively) (Figure 
4.5A).  There was a significant effect of NaCl (P<0.001) on P concentration in 
soybean shoots (Figure 4.5B). P concentration of soybean shoots was not significantly 
affected by As treatment (P=0.340) or bacterial inoculation (0.721) (Figure 4.5B).  
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Figure 4.5: Effects of salinity and As in the nutrient solution on the shoot N concentration (A) and 
the shoot P concentration (B) of soybean for plants grown without or with the addition of 
Bradyrhizobium japonicum to the solution. The absence or presence of As and bacteria is indicated as 
As (-) or As (+) and Bact (-) or Bact (+) respectively. The absence or presence of NaCl is indicated as 
NaCl (-) or NaCl (+) respectively. Values are means (n=4) + one standard error. Where significant 
differences were found; columns with the same letter within a graph are not significantly different 
(Fisher’s Least Significant Difference, P>0.05).  
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4.5 Discussion 
 
Global arable land area is increasingly exposed to one or more of environmental 
stress factors. The general objective of this study was to understand the plant 
responses to combined stresses of salinity and As toxicity. Under environmental 
stress, plants commonly exhibit a decrease in growth parameters. However, the 
presence of growth promoting bacteria can mitigate the toxic effects of environmental 
stresses (Zaidi et al., 2006, Pishchik et al., 2009, Tank and Saraf, 2009, Cardon et al., 
2010). For example, B. japonicum is one growth promoting bacteria, which has 
shown promise for remediating As contaminated growth substrate (section 3.5.4) 
(Reichman, 2007). Despite research which has been undertaken to understand the 
plant physiological responses to salinity (Taiz, 2006) or to As toxicity (Smith et al., 
2010), little is known about their combined effects on plants in the presence of B. 
japonicum. 
 
4.5.1 Bacteria salinity response 
 
There was no significant change in plant biomass and tissue N exposed to NaCl 
(Figure 4.1 A and B, 4.5A). It appears that B. japonicum did not demonstrate salt 
tolerance at 100 mM NaCl and hence could enhance neither the plant biomass nor 
the tissue N (Figure 4.1 A and B, 4.5A). In one study, Pessarakli and Zhou 
demonstrated that salt stress significantly decreased total N content and amount of 
total N fixed by plants in common bean (Phaseolus vulgaris cv. Slim green) 
(Pessarakli and Zhou, 1990). This intolerance of B. japonicum to NaCl was identified 
in the root nodules production capacity as plants grown in the presence of NaCl 
formed fewer nodules than in the absence of NaCl (Figure 4.3A). It appears that in 
the presence of NaCl, there was less rhizobial colonization of the soybean roots, and 
hence, fewer root nodules were formed. A similar observation was observed in studies 
where nodule growth was inhibited in the presence of NaCl in soybean, common 
bean, and alfalfa plants (Serraj et al., 1998, Serraj and Drevon, 1998, Esechie et al., 
2002). Moreover, the proportion of active nodules that assimilate atmospheric N 
were also significantly diminished in the presence of NaCl (Figure 4.3B) suggesting 
that the bacteria became less effective and this was evidenced in the reduced active 
nodules in 100mM NaCl condition (Figure 4.3B). In addition siderophore 
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concentrations were significantly decreased in the presence of NaCl (Figure 4.4A). 
This result is similar to a study where NaCl stress inhibited phytosiderophore release 
induced by Fe deficiency in barley (Yousfi et al., 2007). The reduced siderophore 
production of B. japonicum was also observed on tissue Fe concentration, but Fe 
concentration in shoots remained unaltered in the presence of NaCl (Figure 4.4B).  
These observations contribute to the fact that under saline conditions with 100mM 
NaCl the bacteria appear to be intolerant to NaCl and hence are unable to express any 
plant growth promoting properties.  Thus, B. japonicum is unlikely to be a good 
candidate as a PGPR under saline conditions.          
 
4.5.2 Arsenic bacteria response 
 
Though there was no significant effect of arsenic treatment on the plant biomass 
(Figure 4.1A and B), the plants with As treatment were able to form root nodules 
(Figure 4.3A) and this result is similar to a study where plants treated with As were 
able to attain significant number of nodules compared to plants grown in As-free soil 
(Kongngoen et al., 1997). In addition, the proportion of active nodules with potential 
N fixing capability was not significantly affected by As in solution (Figure 4.3B) 
indicating that in presence of As, the bacteria were as  effective in fixing atmospheric 
N. Also the siderophore concentration in the root zone and Fe concentration (Figure 
4.4A and B) in the shoots were not significantly affected by the As treatment 
suggesting that in presence of As, the bacteria functioned properly and could produce 
enough siderophore to chelate Fe effectively. There was no effect of As treatment on 
the N (Figure 4.5A) or the P (Figure 4.5B) concentrations in soybean shoots 
suggesting that tissue nutrient concentration remained unaltered by the presence of 
As. Therefore in this experiment, B. japonicum did not have a growth promoting 
effect on soybean under conditions of excess As. 
  
4.5.3 Multiple stresses 
 
Under different field conditions, where environmental factors occur together and 
plants experience multiple stresses simultaneously, the total effect of multiple 
stresses on a given growth characteristic could be understood in several responses. 
The response to one stress may alleviate the response to another stress (Caldwell et 
al., 2006). This is called antagonistic interaction as in this compensating condition, a 
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plant receiving two simultaneous stresses would be less affected than when receiving 
a single stress. The combined response may be the summation of the responses to 
each individual stress, i.e. net effect of two simultaneous stresses could be additive. 
Also interaction occurs in cases where one stress increases the impact to another. 
This is called a synergistic interaction. In this study both additive and synergistic 
interactions of As and salinity were observed on B. japonicum activity. For example, 
the total number of root nodules decreased in presence of As and NaCl individually. 
However, when both of these stresses were applied, there was no production of root 
nodules per plant with a significant As by salinity interaction (Figure 4.3A) 
suggesting a synergistic additive interaction of the two stresses on the plants. This is 
the first study examining the two-way interaction of As and NaCl on a variety of 
physiological characteristics of plants in presence of rhizobia.  
  
 
4.6 Conclusions 
 
It has been revealed that the combination of stresses did result in more adverse 
effects in plants, compared to the effects of one of these stress factors alone. 
Therefore this chapter overall suggests that Bradyrhizobium japonicum has limited 
growth promoting effect on plants when they are grown in presence of both As and 
salinity.  
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Chapter 5 
General discussion and conclusions 
 
 
5.1 Discussion 
 
Metal contamination issues in plants and soils are becoming increasingly common 
throughout the world. Metal toxicities are often associated with a range of symptoms 
and an overall decrease in plant growth (Rascio and Navari-Izzo, 2011, Kalyanaraman 
and Sivagurunathan, 1993a, Reichman, 2002). Some plant growth-promoting 
rhizobacteria can significantly boost the growth of plants in the presence of excess 
metals (Burd et al., 2000, Zaidi et al., 2006, Pishchik et al., 2009, Tank and Saraf, 
2009, Cardon et al., 2010, Burd et al., 1998). These bacteria have demonstrated a 
considerable decrease in the toxicity of metals to the host plant and a subsequently 
improved overall development, and yield of plant species (Gupta et al., 2004, Wani et 
al., 2008b). The use of rhizobium as growth-promoting bacteria for the remediation 
of heavy metal contaminated sites has emerged as exciting new area of research. For 
example, Bradyrhizobium japonicum is one such a growth promoting bacteria, which 
has been used in the current study. Despite intensive research undertaken in 
understanding the mechanism of toxicity of heavy metals in plants (Taiz, 2006) and 
the plant growth promoting effect of B. japonicum in nitrogen nutrition (Vessey, 
2003), little is known about the plant growth promoting effects of B. japonicum  on 
plants grown in soil contaminated with heavy metals like As, Zn and Ni. Also, land is 
often exposed to one or more stress factors concurrently (Mahajan and Tuteja, 2005). 
Therefore, it is important to study plant growth responses to the common 
environmental stresses, especially salinity and As toxicity and their mutual effect on 
plants in presence of B. japonicum.  
 
In the study, PGPR potential of B. japonicum was tested in three different heavy 
metal contaminated solutions: As, Zn and Ni. Bradyrhizobium japonicum exhibited 
bioremediation potential in the As-contaminated solution (Figure 3.2A). And this was 
observed when the bacteria were inoculated in association with soybean but not 
sunflower (Figure 3.2A and 3.10A).  The major difference between two species is the 
ability to form symbiotic root nodules with B. japonicum, soybean being leguminous 
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and sunflower being non-leguminous. Thus, it appears that the growth promoting 
effect of B. japonicum is reliant on the legume-rhizobial symbiosis however it is not 
related to N nutrition in As contaminated growing medium (Figure 3.7B). A relevant 
observation in this regard was that the proportion of active nodules was significantly 
increased in inoculated As and Zn contaminated plants in comparison to non-
inoculated contaminated soybean plants (Figure 3.5B and D).  
 
A range of parameters were tested to measure the effect of B. japonicum on plants: 
plant biomass, nodulation, growth promoting hormone, chelating capacity and tissue 
nutrients i.e., N, S, Na, Mg, K, Ca, Mn, Fe, Cu, and Zn. Many of these parameters 
were positively altered in inoculated As-contaminated soybean plants compared to 
non-inoculated ones. An increase in root biomass (Figure 3.2A), active nodules 
(Figure 3.5B), auxin (Figure 3.6B), siderophore (Figure 3.6A) and Fe concentrations 
(Figure 3.9C & D) was observed in As-contaminated inoculated plants compared to 
non-inoculated plants.  This suggests that in presence of As, B. japonicum showed its 
growth promoting potential when grown in symbiosis with soybean plants. Part of the 
growth-promoting characteristics on B. japonicum for soybean in high As medium 
may be because the bacteria were tolerant of As compared to the other heavy metals 
tested. There is considerable evidence that PGPR are often heavy metal tolerant e.g., 
Bradyrhizobium strain RM8 tolerant to nickel and zinc; Rhizobium sp. RL9 tolerant 
to zinc; and Rhizobium sp. RP5 tolerant to zinc and nickel (Cardon et al., 2010, Wani 
et al., 2008b, Wani et al., 2008a, Wani et al., 2007). Though B. japonicum altered 
some of the growth promoting parameters i.e., siderophore (Figure 3.6C) and certain 
nutrients in Zn-contaminated plants, plant biomass was not significantly affected in 
Zn-contaminated plants in the presence of the bacteria. This suggests that either the 
bacteria did not elicit its PGPR property in presence of Zn or the Zn concentration 
was too low to cause a PGPR effect. Thus there is still a need to further investigate the 
PGPR properties of B. japonicum CB1809 under conditions of elevated Zn. In Ni 
contaminated plants, B. japonicum did not exhibit a growth promoting effect, rather 
the plant biomass decreased in Ni-contaminated inoculated plants suggesting that B. 
japonicum may not be tolerant to Ni at the concentration used in the study.     
 
The increase of plant biomass in As-treated plants with inoculation was likely due to 
increased production of auxin, a growth promoting hormone and siderophores, a 
chelating substance. Thus from this study, it was revealed that auxin and siderophore 
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are two important parameters to assess plant growth. Siderophore subsequently had 
increased the bioavailability of certain nutrients i.e., Fe as there was greater 
concentration of Fe in the biomass of plants grown in the presence of B. japonicum. 
Though the number of total nodules decreased in As-contaminated inoculated plants, 
a significant increase was observed in the proportion of active nodules which could 
fix atmospheric nitrogen. Thus the potential use of B. japonicum is an effective and 
suitable way to mitigate the negative effects of heavy metals especially As in metal 
polluted solution. 
 
Though in the first study B. japonicum exhibited PGPR potential in As-contaminated 
solution (Figure 3.2A), it did not demonstrate a growth promoting effect in the 
second, shorter experiment (Figure 4.1A). Similar observations were found by Talano 
et al. who found that there was no growth promoting effect after 30 days of treatment 
(Talano et al., 2013). Despite there being no significant effect of arsenic treatment on 
the plant biomass (Figure 4.1A & B), the plants with As treatment were able to form 
root nodules (Figure 4.3A) and this result is similar to a study where plants treated in 
As were able to attain significant number of nodules compared to plant grown in As-
free soil (Kongngoen et al., 1997). This suggests that B. japonicum has PGPR effect on 
soybean plants when they are treated with As for longer periods than in Chapter 4.  
While there were no significant effects on biomass for plants grown in the presence of 
Zn or Ni and B. japonicum in the first study, however the trend was towards greater 
biomass in the inoculated plants.  Thus if the experiments  were carried out for longer 
periods of time, a growth promoting effect of B. japonicum on soybean may have 
been found for Zn and/or Ni as well.  
 
In the second study, B. japonicum did not show its growth promoting potential in 
saline conditions as it did not alter plant biomass or tissue N concentration (Figure 
4.1 A & B, 4.5A). There was less rhizobial colonization under elevated NaCl as both 
the total number (Figure 4.3A) and the proportion of active nodules (Figure 4.3B) 
were significantly diminished in presence of NaCl inoculated plants compared to 
those without NaCl. Siderophore concentrations were also significantly decreased in 
the presence of NaCl (Figure 4.4A) suggesting that in presence of NaCl the bacteria 
was unable to demonstrate a chelating effect.  All these results suggest that B. 
japonicum is not salt tolerant and hence is unable to exhibit a plant growth-
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promoting property under saline conditions.  Thus, B. japonicum is not a good 
candidate for PGPR under saline conditions. 
 
Under excess salinity, a synergistic interaction with As were observed on B. 
japonicum activity suggesting an interaction where one stress increases the impact to 
another. For instance, the total number of root nodules decreased in presence of 
either As or NaCl. However, when both of these stresses were applied, there was no 
production of root nodules per plant with a significant As by salinity interaction 
(Figure 4.3A) suggesting a synergistic interaction of two stresses on plant. This is the 
first study examining the two-way interaction of As and NaCl on a variety of 
physiological characteristics of plants in presence of rhizobia. It was revealed that the 
combination of stresses did result in more adverse effects in plants, compared to the 
effects of one of these stress factors alone. Overall in saline condition B. japonicum 
has limited growth promoting effect on plants when they are grown in presence of As.   
 
5.2 Conclusions 
In summary the main findings of this study are as follows: 
 
1. Bradyrhizobium japonicum CB1809 has a positive effect on plant biomass 
production in As contaminated plants and the potential use of these bacteria 
might be an effective and suitable way to mitigate the negative effects of As 
more than Zn or Ni. 
2. Bradyrhizobium japonicum CB1809 is not a good candidate for PGPR under 
saline conditions and it is likely the bacteria is intolerant of saline conditions 
and hence are unable to exhibit plant growth promoting properties. 
3. Bradyrhizobium japonicum has a growth promoting effect on soybean plants 
when they are treated with As for long periods (44 days). However, these 
bacteria do not exhibit growth-promoting properties when the plants are 
treated with As for shorter time periods (29 days), suggesting that the growth 
promoting properties of B. japonicum require time to have significant impacts 
on plant biomass. 
4. Bradyrhizobium japonicum stimulates growth of soybean in As contaminated 
site through synthesis of growth promoting hormone auxin and certain 
chelating substance i.e., siderophore. 
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5. Arsenic toxicity in combination with salinity showed a synergistic effect on 
plant growth suggesting that the combination of stresses result in more 
adverse effects in plants, compared to the effects of one of the stress factors 
alone. For example, in saline condition B. japonicum has limited growth 
promoting effect in plants when they are grown in presence of As. In saline 
condition, there might have been an effect if the plants were treated for longer 
periods.  
 
5.3 Future directions 
Plant growth-promoting rhizobacteria might be used in the development of 
phytoremediation strategies to treat plants in order to enhance their biomass and 
stabilize As-contaminated soils. An important further extension would be to a 
glasshouse soil-based trial before a field trial to test first whether the bacteria are the 
as effective in soil as in solution culture because results of controlled experimental 
studies may differ from those in the natural world. Furthermore, broad 
understanding on the way by which PGPRs promote plant growth can direct to 
utilization of these natural bacteria to rehabilitate contaminated areas. As B. 
japonicum CB1809 altered some of the growth promoting parameters in Zn 
contaminated plants but not the plant biomass, a further extension would be to 
investigate the PGPR properties of B. japonicum under conditions of elevated Zn. 
Investigations are required to test the synergestic additive interactions between As 
and NaCl and to identify the possible mechanisms behind this interaction.  As B. 
japonicum has PGPR effects on soybean plants when they are treated with As for long 
periods (44 days), it is needed to further explore the growth promoting effect of B. 
japonicum for long periods of time i.e., 60 days in presence of both As and NaCl. It 
might give an insight into the two-way interaction between these two parameters.  
Although previous studies have been undertaken in the individual effects of the heavy 
metals i.e., As, Zn, Ni and salinity on soybean plants, there is still a poor 
understanding of the interplay between the physical environment and the effects of 
these stress factors on naturally growing plants. Investigations are needed of multiple 
interactions between these stress factors (As, Zn, Ni and NaCl) on other varieties of 
plants. 
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Appendices 
 
Appendix A  
 
Testing the effects of Bradyrhizobium japonicum on the 
tolerance of soybean to a range of heavy metals in solution 
culture 
 
 
Table A.1 Analysis of Variance for dry weight of soybean roots grown under two treatments: arsenic 
and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                      P 
 
Arsenic                      1                  0.018975         0.018975              1.13                   0.308 
Bacteria                     1                  0.112393          0.112393              6.70                   0.024 
Interaction                1                  0.029843         0.029843             1.78                   0.207 
Error                          12                0.201253          0.016771 
Total                           15                0.362463 
 
 
Table A.2 Analysis of Variance for dry weight of soybean roots grown under two treatments: zinc and 
bacteria. 
 
 
Source                    DF                   SS                    MS                     F                      P 
 
Zinc                             1                0.001406          0.0014063           0.09                    0.764 
Bacteria                      1                0.065025          0.0650250           4.34                    0.059 
Interaction                1                 0.008556          0.0085562           0.57                    0.464 
Error                          12               0.179663            0.0149719 
Total                           15               0.254650 
 
 
Table A.3 Analysis of Variance for dry weight of soybean roots grown under two treatments: nickel 
and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                           P 
 
Nickel                         1                   0.011289          0.0112891            0.79                      0.392 
Bacteria                      1                  0.044627          0.0446266          3.12                       0.103 
Interaction                 1                  0.002377         0.0023766           0.17                       0.691 
Error                           12                0.171681           0.0143068 
Total                           15                 0.229973 
 
 
Table A.4 Analysis of Variance for dry weight of soybean shoots grown under two treatments: arsenic 
and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Arsenic                        1                  0.00226            0.002256             0.01                    0.927 
Bacteria                       1                 0.60451             0.604506              2.35                    0.151 
Interaction                 1                 0.09766             0.097656               0.38                   0.549 
Error                           12               3.08168             0.256806 
Total                           15                3.78609 
 
                                                                                                                                                                                           Appendices                                                                                                     
                                                                                                                             
 
Chapter 6                                                                                                                                                                     102                                                                                                                             
  
 
Table A.5 Analysis of Variance for dry weight of soybean shoots grown under two treatments: zinc 
and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Zinc                              1                  0.18490            0.184900             0.74                     0.406 
Bacteria                       1                 0.55876             0.558756              2.24                     0.160 
Interaction                 1                  0.07981             0.079806             0.32                    0.582 
Error                           12                2.99039             0.249199 
Total                           15                 3.81385 
 
 
Table A.6 Analysis of Variance for dry weight of soybean shoots grown under two treatments: nickel 
and bacteria. 
 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Nickel                          1                 0.30802           0.308025               1.29                     0.277 
Bacteria                       1                0.64000           0.640000               2.69                    0.127 
Interaction                 1                 0.11222             0.112225                 0.47                    0.505 
Error                           12               2.85438            0.237865 
Total                           15                3.91463 
 
 
Table A.7 Two-sample T-test for root nodules of soybean grown under two treatments: arsenic and 
bacteria. 
 
T-Test of difference = 0 (vs not =): T-Value = -3.42  P-Value = 0.019  DF = 5 
 
 
Table A.8 Two-sample T-test for root nodules of soybean grown under two treatments: zinc and 
bacteria. 
 
T-Test of difference = 0 (vs not =): T-Value = 1.96  P-Value = 0.107  DF = 5 
 
 
Table A.9 Two-sample T-test for root nodules of soybean grown under two treatments: nickel and 
bacteria. 
 
T-Test of difference = 0 (vs not =): T-Value = 4.04  P-Value = 0.010  DF = 5 
 
 
Table A.10 Two-sample T-test for active root nodules of soybean grown under two treatments: 
arsenic and bacteria. 
 
T-Test of difference = 0 (vs not =): T-Value = 7.99  P-Value = 0.000  DF = 5 
 
 
Table A.11 Two-sample T-test for active root nodules of soybean grown under two treatments: zinc 
and bacteria. 
 
T-Test of difference = 0 (vs not =): T-Value = -4.79  P-Value = 0.009  DF = 4 
 
Table A.12 Two-sample T-test for active root nodules of soybean grown under two treatments: nickel 
and bacteria. 
 
T-Test of difference = 0 (vs not =): T-Value = -1.46  P-Value = 0.204  DF = 5 
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Table A.13 Analysis of Variance for siderophore concentration of soybean root exudate solution 
under two treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Arsenic                        1                    12.308               12.308               5.03                      0.045 
Bacteria                       1                 182.296             182.296              74.46                     0.000 
Interaction                 1                      8.239                 8.239                 3.37                     0.091 
Error                           12                  29.380                 2.448 
Total                            15               232.223 
 
 
Table A.14 Analysis of Variance for siderophore concentration of soybean root exudate solution 
grown under two treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Zinc                             1                        3.266                 3.2664                 1.17                    0.301 
Bacteria                      1                     90.679               90.6792               32.41                   0.000 
Interaction                1                         1.229                  1.2292                0.44                   0.520 
Error                         12                     33.572                2.7977 
Total                         15                     128.747 
 
 
Table A.15 Analysis of Variance for siderophore concentration of soybean root exudate solution 
grown under two treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                       P 
 
Nickel                         1                      15.713                15.713                5.37                   0.039 
Bacteria                      1                     155.474            155.474           53.12                 0.000 
Interaction                1                     3.377                    3.377                  1.15                    0.304 
Error                          12                   35.122                  2.927 
Total                           15                209.686 
 
 
Table A.16 Analysis of Variance for auxin concentration of soybean root exudate solution grown 
under two treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Arsenic                       1                     0.131275            0.131275         16.67                      0.002 
Bacteria                      1                     0.131275           0.131275          16.67                      0.002 
Interaction                 1                     0.084016         0.084016         10.67                     0.007 
Error                           12                   0.094518          0.007876 
Total                            15                   0.441084 
 
 
Table A.17 Analysis of Variance for auxin concentration of soybean root exudate solution grown 
under two treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                        P 
 
Zinc                              1                0.106333         0.106333              14.29                    0.003 
Bacteria                       1                0.001313         0.001313               0.18                      0.682 
Interaction                  1                0.001313         0.001313               0.18                     0.682 
Error                            12              0.089267        0.007439 
Total                            15               0.198225 
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Table A.18 Analysis of Variance for auxin concentration of soybean root exudate solution grown 
under two treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                       P 
 
Nickel                       1                  0.005251            0.0052510           0.67                     0.430 
Bacteria                   1                   0.005251            0.0052510          0.67                      0.430 
Interaction              1                  0.000000          0.0000000         0.00                      1.000 
Error                        12                0.094518            0.0078765 
Total                         15                0.105020 
 
 
Table A.19 Analysis of Variance for sulphur concentration in soybean shoots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Arsenic                        1                   0.0095063       0.0095063          15.16                  0.002 
Bacteria                       1                   0.0014063       0.0014063           2.24                   0.160 
Interaction                  1                  0.0000062       0.0000062          0.01                  0.922 
Error                            12                 0.0075250       0.0006271 
Total                             15                 0.0184438 
 
 
Table A.20 Analysis of Variance for sulphur concentration in soybean shoots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Zinc                              1                0.0007563       0.0007563           0.78                      0.395 
Bacteria                       1                0.0000562       0.0000562          0.06                      0.814 
Interaction                 1                 0.0018063       0.0018063           1.86                       0.198 
Error                           12               0.0116750        0.0009729 
Total                            15              0.0142938 
 
 
Table A.21 Analysis of Variance for sulphur concentration in soybean shoots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Nickel                         1                   0.000025       0.0000250          0.05                      0.822 
Bacteria                      1                  0.000225        0.0002250          0.48                      0.503 
Interaction                1                   0.002500       0.0025000           5.31                      0.040 
Error                          12                 0.005650        0.0004708 
Total                           15                 0.008400 
 
Table A.22 Analysis of Variance for nitrogen concentration in soybean shoots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                          P 
  
Arsenic                        1                 0.104006          0.104006             2.41                      0.146 
Bacteria                       1                 0.058806         0.058806             1.37                      0.265 
Interaction                 1                  0.037056         0.037056             0.86                      0.372 
Error                           12                0.516825          0.043069 
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Total                            15                0.716694 
 
 
Table A.23 Analysis of Variance for nitrogen concentration in soybean shoots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Zinc                             1                  0.8649             0.864900             9.50                      0.009 
Bacteria                      1                  0.6889             0.688900              7.57                      0.018 
Interaction                 1                  0.6084             0.608400              6.68                     0.024 
Error                           12                1.0923              0.091025 
Total                            15                3.2545 
 
 
Table A.24 Analysis of Variance for nitrogen concentration in soybean shoots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Nickel                         1                   1.22102               1.22102             16.34                     0.002 
Bacteria                      1                  0.68062              0.68062            9.11                       0.011 
Interaction                1                   0.60062             0.60062            8.04                      0.015 
Error                          12                 0.89650             0.07471 
Total                           15                 3.39877 
 
 
Table A.25 Analysis of Variance for sodium concentration in soybean roots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Arsenic                        1                      1882                  1882                  0.00                    0.972 
Bacteria                       1                      5111515             5111515              3.59                     0.082 
Interaction                  1                      722247             722247               0.51                     0.490 
Error                           12                     17085633         1423803 
Total                            15                     22921277 
 
 
Table A.26 Analysis of Variance for sodium concentration in soybean roots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Zinc                              1                  1225611              1225611              0.79                    0.390 
Bacteria                       1                  15206909          15206909          9.85                    0.009 
Interaction                  1                  6193074            6193074             4.01                    0.068 
Error                            12                18522523           1543544 
Total                             15                41148118 
 
 
Table A.27 Analysis of Variance for sodium concentration in soybean roots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Nickel                          1                      878476             878476             0.26                    0.619 
Bacteria                      1                      12818924         12818924          3.79                    0.075 
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Interaction                1                       4706025          4706025            1.39                    0.261 
Error                          12                     40535757         3377980 
Total                          15                      58939182 
 
 
Table A.28 Analysis of Variance for magnesium concentration in soybean roots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Arsenic                       1                  250658256         250658256         11.39                  0.006 
Bacteria                      1                  84300695          84300695            3.83                   0.074 
Interaction                 1                  79659623           79659623             3.62                   0.081 
Error                          12                 264079374         22006614 
Total                           15                 678697949 
 
 
Table A.29 Analysis of Variance for magnesium concentration in soybean roots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Zinc                          1                  53580969        53580969             2.50                       0.140 
Bacteria                   1                  29736766         29736766             1.39                        0.262 
Interaction             1                   160114156       160114156             7.47                        0.018 
Error                       12                 257138371        21428198 
Total                       15                  500570262 
 
 
Table A.30 Analysis of Variance for magnesium concentration in soybean roots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Nickel                          1                  272680                272680               0.01                   0.911 
Bacteria                      1                  61880446           61880446            2.93                   0.113 
Interaction                 1                  104864819         104864819          4.96                   0.046 
Error                          12                 253552541          21129378 
Total                          15                 420570485 
 
 
Table A.31 Analysis of Variance for potassium concentration in soybean roots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Arsenic                      1                    60199016            60199016           0.30                   0.592 
Bacteria                     1                    1504971914        1504971914        7.57                    0.018 
Interaction                1                    539606999         539606999       2.72                    0.125 
Error                         12                   2384425607       198702134 
Total                         15                    4489203537 
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Table A.32 Analysis of Variance for potassium concentration in soybean roots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Zinc                             1                   15232980         15232980             0.10                    0.756 
Bacteria                      1                   2237335408    2237335408        14.87                  0.002 
Interaction                 1                   216764668      216764668           1.44                     0.253 
Error                          12                  1805783771      150481981 
Total                           15                  4275116827 
 
 
Table A.33 Analysis of Variance for potassium concentration in soybean roots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Nickel                           1                 252791874      252791874             1.97                   0.185 
Bacteria                       1                 2146022765    2146022765          16.76                 0.001 
Interaction                  1                 246434268      246434268           1.92                   0.191 
Error                            12               1536565515      128047126 
Total                             15               4181814423 
 
 
Table A.34 Analysis of Variance for calcium concentration in soybean roots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Arsenic                       1                  337757316          337757316           6.37                 0.027 
Bacteria                      1                 653494833         653494833          12.33               0.004 
Interaction                 1                215294435           215294435          4.06                 0.067 
Error                          12               636200334          53016694 
Total                          15                1842746918 
 
 
Table A.35 Analysis of Variance for calcium concentration in soybean roots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Zinc                              1                998925013         998925013          27.77                 0.000 
Bacteria                       1                605413160         605413160           16.83                0.001 
Interaction                  1                244338009       244338009            6.79                0.023 
Error                            12              431730457         35977538 
Total                             15              2280406639 
 
 
 
Table A.36 Analysis of Variance for calcium concentration in soybean roots grown under two 
treatments:  nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
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Nickel                          1               266080692          266080692         4.38                0.058 
Bacteria                      1               579605625            579605625          9.54                0.009 
Interaction                 1               261192789            261192789           4.30                0.060 
Error                          12              729022517            60751876 
Total                           15              1835901623 
 
 
Table A.37 Analysis of Variance for manganese concentration in soybean roots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Arsenic                       1                  1355.56                1355.56              21.03                  0.001 
Bacteria                      1                  234.11                  234.11                 3.63                    0.081 
Interaction                 1                  296.90                296.90               4.61                     0.053 
Error                          12                 773.39                 64.45 
Total                          15                 2659.96 
 
 
Table A.38 Analysis of Variance for manganese concentration in soybean roots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Zinc                              1                  1846.86            1846.86             50.48                   0.000 
Bacteria                       1                    325.91               325.91                8.91                    0.011 
Interaction                  1                    209.63              209.63               5.73                    0.034 
Error                           12                   439.07                 36.59 
Total                           15                  2821.47 
 
 
Table A.39 Analysis of Variance for manganese concentration in soybean roots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Nickel                          1                    85.68                85.682                0.52                  0.484 
Bacteria                      1                  927.57              927.566                  5.64                  0.035 
Interaction                 1                       4.31                  4.308                 0.03                  0.874 
Error                          12                1972.70             164.391 
Total                           15               2990.25 
 
 
Table A.40 Analysis of Variance for iron concentration in soybean roots grown under two treatments: 
arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Arsenic                         1                    19439               19438.8               1.16                  0.303 
Bacteria                        1                    80470              80470.4             4.80                  0.049 
Interaction                   1                    14984              14983.6              0.89                  0.363 
Error                            12                   201338            16778.2 
Total                             15                   316231 
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Table A.41 Analysis of Variance for iron concentration in soybean roots grown under two treatments: 
zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Zinc                              1                  12173426             12173426           50.15                0.000 
Bacteria                       1                  1381595               1381595             5.69                  0.034 
Interaction                  1                  591872                 591872               2.44                 0.144 
Error                           12                 2912660               242722 
Total                            15                 17059554 
 
 
Table A.42 Analysis of Variance for iron concentration in soybean roots grown under two treatments: 
nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Nickel                          1                    2015648            2015648            19.26                 0.001 
Bacteria                      1                    755895                755895              7.22                   0.020 
Interaction                1                     214686             214686                 2.05                   0.178 
Error                         12                    1255756            104646 
Total                          15                    4241985 
 
 
Table A.43 Analysis of Variance for copper concentration in soybean roots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                       P 
 
Arsenic                        1                     0.176                 0.1758               0.03                 0.858 
Bacteria                       1                     1.504                 1.5041               0.28                 0.604 
Interaction                  1                     34.896             34.8961             6.60                 0.025 
Error                           12                    63.484             5.2903 
Total                            15                    100.060 
 
 
Table A.44 Analysis of Variance for copper concentration in soybean roots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                       P 
 
Zinc                             1                    14.8888           14.8888                3.74                 0.077 
Bacteria                      1                   10.1040            10.1040                 2.54                 0.137 
Interaction                 1                   15.6422            15.6422                 3.93                 0.071 
Error                          12                  47.8204           3.9850 
Total                           15                  88.4554 
 
 
Table A.45 Analysis of Variance for copper concentration in soybean roots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                       P 
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Nickel                         1                     0.490               0.4903               0.05                   0.834 
Bacteria                     1                      37.024            37.0238              3.45                   0.088 
Interaction                1                      1.100              1.1004                 0.10                   0.754 
Error                         12                     128.795         10.7329 
Total                          15                     167.410 
 
 
Table A.46 Analysis of Variance for arsenic concentration in soybean roots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Arsenic                       1                     752052             752052               92.81                 0.000 
Bacteria                      1                    10434                10434                  1.29                   0.279 
Interaction                 1                    10434                10434                  1.29                  0.279 
Error                          12                   97240                8103 
Total                           15                   870160 
 
 
Table A.47 Analysis of Variance for arsenic concentration in soybean roots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
  
Zinc                             1                         0                        0                         *                           * 
Bacteria                      1                         0                        0                         *                           * 
Interaction                 1                         0                        0                         *                           * 
Error                          12                        0                        0 
Total                          15                         0 
 
 
Table A.48 Analysis of Variance for arsenic concentration in soybean roots grown under two 
treatments: nickel and bacteria. 
 
Source                    DF                   SS                    MS                     F                              P 
 
Nickel                         1                         0                          0                        *                                * 
Bacteria                     1                          0                          0                        *                                * 
Interaction                1                          0                          0                        *                                * 
Error                         12                         0                          0 
Total                         15                          0 
 
 
Table A.49 Analysis of Variance for zinc concentration in soybean roots grown under two treatments: 
arsenic and bacteria. 
 
Source                    DF                   SS                    MS                     F                       P 
 
Arsenic                       1                     785.7                  785.73                 1.15                  0.305 
Bacteria                      1                    6458.3                6458.26              9.45                 0.010 
Interaction                 1                   493.0                  493.00                0.72                 0.412 
Error                          12                  8204.8                683.74 
Total                           15                 15941.8 
 
 
Table A.50 Analysis of Variance for zinc concentration in soybean roots grown under two treatments: 
zinc and bacteria. 
 
Source                    DF                   SS                    MS                     F                         P 
 
Zinc                            1                      6310714           6310714           123.99                  0.000 
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Bacteria                     1                      26420              26420              0.52                      0.485 
Interaction               1                      3597                 3597                 0.07                       0.795 
Error                         12                    610775             50898 
Total                         15                     6951507 
 
 
Table A.51 Analysis of Variance for zinc concentration in soybean roots grown under two treatments: 
nickel and bacteria. 
 
Source                    DF                   SS                    MS                     F                         P 
 
Nickel                         1                   4431.3               4431.26                4.53                    0.055 
Bacteria                      1                  7997.1                7997.08               8.17                     0.014 
Interaction                 1                     172.7                  172.67                0.18                     0.682 
Error                         12                 11747.7                  978.97 
Total                         15                24348.7 
 
 
Table A.52 Analysis of Variance for nickel concentration in soybean roots grown under two 
treatments: arsenic and bacteria. 
 
Source                    DF                   SS                    MS                     F                        P 
 
Arsenic                      1                     0.0740              0.07402              0.07                   0.794 
Bacteria                     1                    0.2339              0.23388               0.23                   0.643 
Interaction                1                   0.4131               0.41311                  0.40                  0.539 
Error                        12                   12.4137             1.03448 
Total                         15                   13.1347 
  
 
Table A.53 Analysis of Variance for nickel concentration in soybean roots grown under two 
treatments: zinc and bacteria. 
 
Source                    DF                   SS                    MS                     F                        P 
 
Zinc                              1                  8.6987              8.69867               4.08                   0.066 
Bacteria                       1                  1.0502              1.05024                0.49                   0.496 
Interaction                  1                  0.7494             0.74940                0.35                   0.564 
Error                           12                 25.5674           2.13062 
Total                            15                 36.0657 
 
 
Table A.54 Analysis of Variance for nickel concentration in soybean roots grown under two 
treatments: nickel and bacteria. 
 
Source                    DF                   SS                    MS                     F                        P 
 
Nickel                         1                  1749255            1749255             186.79                 0.000 
Bacteria                      1                   35814               35814                     3.82                 0.074 
Interaction                1                   35754               35754                     3.82                 0.074 
Error                         12                 112380              9365 
Total                         15                  1933203 
 
 
Table A.55 Analysis of Variance for sodium concentration in soybean shoots grown under two 
treatments: arsenic and bacteria. 
 
Source                    DF                   SS                    MS                     F                   P 
 
Arsenic                       1                     69941                  69941              0.33               0.575 
Bacteria                      1                     163418                163418            0.77               0.396 
Interaction                 1                     9010                   9010                0.04              0.840 
Error                          12                   2532857              211071 
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Total                           15                   2775225 
 
 
 
 
 
Table A.56 Analysis of Variance for sodium concentration in soybean shoots grown under two 
treatments: zinc and bacteria. 
 
Source                    DF                   SS                    MS                     F                    P 
 
Zinc                             1                     330456             330456              2.04              0.179 
Bacteria                      1                     2655                  2655                   0.02              0.900 
Interaction                 1                     200380            200380              1.24               0.288 
Error                          12                    1942789           161899 
Total                           15                    2476281 
 
 
Table A.57 Analysis of Variance for sodium concentration in soybean shoots grown under two 
treatments: nickel and bacteria. 
 
Source                    DF                   SS                    MS                     F                      P 
 
Nickel                          1                   721042               721042               4.61                0.053 
Bacteria                       1                   46162                 46162                 0.29               0.597 
Interaction                  1                   80835                80835                0.52               0.486 
Error                           12                  1878162              156514 
Total                            15                  2726201 
 
 
Table A.58 Analysis of Variance for magnesium concentration in soybean shoots grown under two 
treatments: arsenic and bacteria. 
 
Source                    DF                   SS                    MS                     F                    P 
 
Arsenic                       1                      30750               30750                 0.06              0.809 
Bacteria                      1                      565868             565868               1.12               0.310 
Interaction                 1                      323060            323060               0.64              0.439 
Error                          12                     6052075          504340 
Total                           15                     6971753 
 
 
Table A.59 Analysis of Variance for magnesium concentration in soybean shoots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Zinc                              1                  1763344             1763344              2.85                    0.117 
Bacteria                       1                  331151                331151                 0.54                    0.478 
Interaction                  1                  153350               153350                0.25                    0.628 
Error                           12                  7425785            618815 
Total                            15                  9673631 
 
 
Table A.60 Analysis of Variance for magnesium concentration in soybean shoots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                      P 
 
Nickel                           1                    61689               61689                  0.10                 0.752 
Bacteria                       1                    196565              196565                0.33                 0.575 
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Interaction                  1                    393398             393398               0.66                 0.431 
Error                           12                   7104441            592037 
Total                            15                   7756093 
 
 
 
Table A.61 Analysis of Variance for potassium concentration in soybean shoots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Arsenic                        1                   356328             356328                0.00                   0.954 
Bacteria                       1                   500046410      500046410        4.81                    0.049 
Interaction                  1                   14410                14410                  0.00                   0.991 
Error                           12                  1247445091     103953758 
Total                            15                  1747862239 
 
 
Table A.62 Analysis of Variance for potassium concentration in soybean shoots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Zinc                             1                   26705175         26705175              0.47                    0.505 
Bacteria                      1                  542197512        542197512            9.58                     0.009 
Interaction                 1                  1088809          1088809               0.02                    0.892 
Error                           12                679515927       56626327 
Total                            15                1249507423 
 
 
Table A.63 Analysis of Variance for potassium concentration in soybean shoots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Nickel                          1                  89878980         89878980            0.97                  0.345 
Bacteria                       1                449890719        449890719           4.84                  0.048 
Interaction                 1                      1063059            1063059           0.01                  0.917 
Error                         12                 1114896608        92908051 
Total                          15                1655729366 
 
 
Table A.64 Analysis of Variance for calcium concentration in soybean shoots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Arsenic                        1                   1320477             1320477             0.03                     0.860 
Bacteria                       1                   2382315             2382315            0.06                     0.813 
Interaction                  1                   2354475             2354475            0.06                     0.814 
Error                           12                  488694489        40724541 
Total                            15                  494751757 
 
Table A.65 Analysis of Variance for calcium concentration in soybean shoots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                          P 
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Zinc                             1                  261225841       261225841            6.16                      0.029 
Bacteria                      1                  34280703        34280703             0.81                     0.386 
Interaction                 1                  7712104            7712104                0.18                      0.677 
Error                          12                 509100544      42425045 
Total                          15                  812319192 
 
 
Table A.66 Analysis of Variance for calcium concentration in soybean shoots grown under two 
treatments:  nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Nickel                          1                   676971               676971               0.01                   0.908 
Bacteria                       1                  8091                   8091                   0.00                  0.990 
Interaction                  1                  10035321          10035321           0.21                   0.657 
Error                           12                 579847806      48320651 
Total                            15                 590568190 
 
 
Table A.67 Analysis of Variance for manganese concentration in soybean shoots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                       P 
 
Arsenic                        1                   108.91             108.909                0.61                  0.450 
Bacteria                       1                   231.31             231.306                 1.29                  0.278 
Interaction                  1                   99.09             99.093                   0.55                  0.471 
Error                           12                  2146.66         178.889 
Total                            15                 2585.97 
 
 
Table A.68 Analysis of Variance for manganese concentration in soybean shoots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                     P 
 
Zinc                              1                    1442.8             1442.79                1.28               0.281 
Bacteria                       1                    3501.5             3501.52                3.10                0.104 
Interaction                  1                    1156.7             1156.71                  1.02                0.332 
Error                           12                   13574.0          1131.17 
Total                            15                   19675.0 
 
 
Table A.69 Analysis of Variance for manganese concentration in soybean shoots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                       P 
 
Nickel                          1                    156.44              156.439                 1.14                 0.307 
Bacteria                      1                    158.30              158.298                 1.15                 0.304 
Interaction                 1                    158.30              158.298                 1.15                 0.304 
Error                          12                   1650.63            137.552 
Total                           15                   2123.66 
 
 
Table A.70 Analysis of Variance for iron concentration in soybean shoots grown under two 
treatments: arsenic and bacteria. 
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Source                    DF                   SS                    MS                     F                        P 
 
Arsenic                        1                   19562.3             19562.3              17.38                   0.001 
Bacteria                       1                   16373.6             16373.6              14.55                   0.002 
Interaction                  1                   5487.8              5487.8                4.88                     0.047 
Error                           12                  13503.4             1125.3 
Total                            15                  54927.0 
 
 
Table A.71 Analysis of Variance for iron concentration in soybean shoots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Zinc                             1                      1921.0              1921.0                  1.82                    0.203 
Bacteria                      1                      4669.2            4669.2                  4.41                     0.057 
Interaction                 1                      17877.7           17877.7                 16.90                  0.001 
Error                          12                     12695.1           1057.9 
Total                           15                     37163.1 
 
 
 
Table A.72 Analysis of Variance for iron concentration in soybean shoots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Nickel                          1                   35089.3             35089.3              36.44                 0.000 
Bacteria                      1                   8322.9                8322.9                8.64                    0.012 
Interaction                 1                  12278.6               12278.6              12.75                   0.004 
Error                          12                 11554.7                 962.9 
Total                          15                  67245.6 
 
 
Table A.73 Analysis of Variance for copper concentration in soybean shoots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Arsenic                        1                   109.474             109.474               9.42                    0.010 
Bacteria                       1                   3.097                 3.097                   0.27                    0.615 
Interaction                  1                   1.717                  1.717                     0.15                    0.707 
Error                           12                  139.452            11.621 
Total                           15                  253.740 
 
 
Table A.74 Analysis of Variance for copper concentration in soybean shoots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Zinc                              1                    13.873              13.8726               0.82                     0.382 
Bacteria                       1                    7.113                 7.1127                  0.42                     0.528 
Interaction                  1                   4.917                4.9171                   0.29                     0.599 
Error                           12                  202.286           16.8572 
Total                            15                  228.189 
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Table A.75 Analysis of Variance for copper concentration in soybean shoots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Nickel                          1                    144.802             144.802            15.13                      0.002 
Bacteria                      1                    0.152                   0.152                 0.02                      0.902 
Interaction                 1                    0.004                 0.004                0.00                      0.985 
Error                          12                   114.855               9.571 
Total                          15                    259.812 
 
 
Table A.76 Analysis of Variance for arsenic concentration in soybean shoots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                           P 
 
Arsenic                       1              401.570            401.570               197.66                        0.000 
Bacteria                      1                   1.514                 1.514                    0.75                        0.405 
Interaction                 1                   1.514                1.514                     0.75                        0.405 
Error                          12               24.379                2.032 
Total                           15            428.978 
 
 
Table A.77 Analysis of Variance for arsenic concentration in soybean shoots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                           P 
 
Zinc                            1                         0                         0                          *                            * 
Bacteria                     1                         0                         0                          *                            * 
Interaction               1                          0                         0                          *                            * 
Error                        12                         0                         0 
Total                         15                         0 
 
 
Table A.78 Analysis of Variance for arsenic concentration in soybean shoots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                        P 
 
Nickel                           1                        0                        0                                                  
Bacteria                       1                         0                        0                                                   
Interaction                  1                         0                       0                                                     
Error                           12                        0                       0 
Total                           15                         0 
 
 
Table A.79 Analysis of Variance for zinc concentration in soybean shoots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                              P 
 
Arsenic                   1                   3309.77              3309.77                  8.51                     0.013 
Bacteria                  1                          4.07                    4.07                  0.01                     0.920 
Interaction             1                    204.27               204.27                   0.52                    0.483 
Error                       12                 4669.58              389.13 
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Total                       15                  8187.69 
 
Table A.80 Analysis of Variance for zinc concentration in soybean shoots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Zinc                             1                    530163               530163             50.33                    0.000 
Bacteria                      1                       11639                  11639                1.11                     0.314 
Interaction                 1                      14438                  14438               1.37                     0.264 
Error                          12                   126392                  10533 
Total                          15                   682633 
 
 
Table A.81 Analysis of Variance for zinc concentration in soybean shoots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Nickel                          1                    4916.54             4916.54            13.80                    0.003 
Bacteria                      1                     1.35                    1.35                   0.00                     0.952 
Interaction                 1                     123.53               123.53               0.35                      0.567 
Error                           12                  4273.74              356.14 
Total                           15                   9315.16 
 
 
Table A.82 Analysis of Variance for nickel concentration in soybean shoots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                        P 
 
Arsenic                       1                    0.89917           0.899169              1.73                   0.213 
Bacteria                      1                    0.28274          0.282741              0.54                  0.475 
Interaction                1                     0.05635         0.056348              0.11                   0.748 
Error                         12                    6.23288         0.519407 
Total                          15                    7.47114 
 
 
Table A.83 Analysis of Variance for nickel concentration in soybean shoots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                        P 
 
Zinc                             1                    2.9926             2.99259                1.05                   0.326 
Bacteria                      1                    3.7832             3.78320                1.33                   0.272 
Interaction                1                    1.3828              1.38282                0.48                  0.500 
Error                         12                   34.2542            2.85452 
Total                         15                    42.4128 
 
 
Table A.84 Analysis of Variance for nickel concentration in soybean shoots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                       P 
 
Nickel                          1                  6582.87            6582.87              248.78               0.000 
Bacteria                      1                   0.73                   0.73                    0.03                    0.871 
Interaction                 1                   0.01                   0.01                    0.00                    0.987 
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Error                           12                 317.52               26.46 
Total                            15                6901.13 
 
 
Appendix B 
 
Testing the effects of Bradyrhizobium japonicum on the 
tolerance of sunflower to a range of heavy metals in solution 
culture  
 
 
Table B.1 Analysis of Variance for dry weight of sunflower root grown under two treatments: arsenic 
and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                              P 
 
Arsenic                       1                  0.047306          0.0473062          2.10                       0.173 
Bacteria                      1                  0.001056          0.0010562         0.05                       0.832 
Interaction                1                   0.010506          0.0105062         0.47                       0.507 
Error                          12                 0.269775           0.0224813 
Total                           15                0.328644 
 
 
Table B.2 Analysis of Variance for dry weight of sunflower root grown under two treatments: zinc and 
bacteria. 
 
 
Source                    DF                   SS                    MS                     F                              P 
 
Zinc                             1                  0.0005062      0.0005062          0.14                       0.718 
Bacteria                      1                  0.0016000       0.0016000          0.43                      0.523 
Interaction                 1                  0.0121000       0.0121000            3.28                     0.095 
Error                          12                0.0442875         0.0036906 
Total                           15                0.0584937 
 
 
Table B.3 Analysis of Variance for dry weight of sunflower root grown under two treatments: nickel 
and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                              P 
 
Nickel                          1                 0.143452           0.143452            60.95                    0.000 
Bacteria                       1                 0.001314          0.001314             0.56                      0.469 
Interaction                 1                 0.001139          0.001139             0.48                     0.500 
Error                           12               0.028244         0.002354 
Total                            15               0.174148 
 
 
Table B.4 Analysis of Variance for dry weight of sunflower shoot grown under two treatments: 
arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                              P 
 
Arsenic                     1               0.39376                 0.393756              2.53                    0.138 
Bacteria                   1                0.25503                0.255025              1.64                     0.225 
Interaction              1               0.43891                 0.438906             2.82                     0.119 
Error                        12             1.86806                 0.155672 
Total                         15             2.95575 
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Table B.5 Analysis of Variance for dry weight of sunflower shoot grown under two treatments: zinc 
and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                              P 
 
Zinc                             1                  0.003164         0.003164             0.07                      0.794 
Bacteria                      1                 0.026002         0.026002            0.59                      0.458 
Interaction                 1                 0.101602          0.101602              2.30                      0.155 
Error                           12               0.530056         0.044171 
Total                            15               0.660823 
 
 
Table B.6 Analysis of Variance for dry weight of sunflower shoot grown under two treatments: nickel 
and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                              P 
 
Nickel                          1                     2.12066            2.12066            67.77                    0.000 
Bacteria                       1                    0.01025            0.01025            0.33                      0.578 
Interaction                 1                    0.00316            0.00316            0.10                       0.756 
Error                           12                  0.37551             0.03129 
Total                           15                   2.50959 
 
 
Table B.7 Analysis of Variance for siderophore concentration of sunflower root exudate solution 
grown under two treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                              P 
 
Arsenic                       1                     21.4577            21.4577               5.49                      0.037 
Bacteria                     1                      3.1576              3.1576                 0.81                      0.386 
Interaction               1                      11.2656            11.2656               2.88                       0.115 
Error                         12                    46.8711             3.9059 
Total                          15                    82.7521 
 
 
Table B.8 Analysis of Variance for siderophore concentration of sunflower root exudate solution 
grown under two treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                              P 
 
Zinc                             1                 0.31582             0.31582                2.67                      0.128 
Bacteria                      1                 0.03899           0.03899                0.33                      0.577 
Interaction                1                  3.15755             3.15755                 26.65                    0.000 
Error                          12                1.42179               0.11848 
Total                          15                4.93415 
 
Table B.9 Analysis of Variance for siderophore concentration of sunflower root exudate solution 
grown under two treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                              P 
 
Nickel                         1                  24.6636             24.6636             473.82                  0.000 
Bacteria                      1                  1.1628                1.1628                22.34                     0.000 
Interaction                 1                  0.2512                0.2512                4.83                      0.048 
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Error                           12                0.6246               0.0521 
Total                            15                26.7022 
 
 
Table B.10 Analysis of Variance for auxin concentration of sunflower root exudate solution grown 
under two treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                              P 
 
Arsenic                        1                    0.047259        0.047259            2.84                   0.118 
Bacteria                       1                    0.257299       0.257299            15.47                   0.002 
Interaction                 1                     0.084016      0.084016            5.05                    0.044 
Error                           12                   0.199538       0.016628 
Total                            15                  0.588112 
 
 
Table B.11 Analysis of Variance for auxin concentration of sunflower root exudate solution grown 
under two treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                              P 
 
Zinc                             1                 0.001313            0.001313               0.08                    0.781 
Bacteria                      1                 0.064325           0.064325              3.97                    0.069 
Interaction                1                  0.295369           0.295369             18.24                   0.001 
Error                          12                0.194287           0.016191 
Total                           15               0.555293 
 
 
Table B.12 Analysis of Variance for auxin concentration of sunflower root exudate solution grown 
under two treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                              P 
 
Nickel                         1                 0.021004         0.021004             2.67                      0.128 
Bacteria                      1                0.000000        0.000000            0.00                     1.000 
Interaction                 1                0.635371          0.635371              80.67                   0.000 
Error                           12              0.094518         0.007876 
Total                            15              0.750893 
 
 
Table B.13 Analysis of Variance for sodium concentration in sunflower roots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Arsenic                        1                  119905457           119905457         2.94                  0.112 
Bacteria                       1                  297917611            297917611          7.31                  0.019 
Interaction                  1                  20221570            20221570           0.50                 0.494 
Error                           12                 488725413           40727118 
Total                            15                926770051 
 
 
Table B.14 Analysis of Variance for sodium concentration in sunflower roots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Zinc                              1                 244930482        244930482          6.34                 0.027 
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Bacteria                       1                 729272185         729272185            18.88               0.001 
Interaction                  1                 27540559          27540559              0.71                  0.415 
Error                           12                463469379       38622448 
Total                            15                1465212606 
 
 
Table B.15 Analysis of Variance for sodium concentration in sunflower roots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Nickel                         1                 131405785            131405785          6.78                  0.023 
Bacteria                     1                 174517872             174517872           9.00                 0.011 
Interaction                1                   73044521             73044521            3.77                 0.076 
Error                        12                232600304             19383359 
Total                        15                  611568482 
 
 
Table B.16 Analysis of Variance for magnesium concentration in sunflower roots grown under two 
treatments: arsenic and bacteria. 
 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Arsenic                        1                    418196               418196               0.14                     0.711 
Bacteria                       1                   836768               836768              0.29                    0.602 
Interaction                  1                  2464311              2464311             0.85                    0.376 
Error                            12              34952872             2912739 
Total                             15              38672147 
 
 
Table B.17 Analysis of Variance for magnesium concentration in sunflower roots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Zinc                              1                     887575               887575               0.71                    0.414 
Bacteria                       1                    3849960             3849960            3.10                   0.104 
Interaction                  1                    1708429             1708429             1.38                   0.264 
Error                           12                   14898034          1241503 
Total                            15                   21343998 
 
 
Table B.18 Analysis of Variance for magnesium concentration in sunflower roots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Nickel                          1                 24419519           24419519           22.77                    0.000 
Bacteria                       1                2198734             2198734             2.05                      0.178 
Interaction                  1                685171               685171                0.64                      0.440 
Error                            12              12867064          1072255 
Total                             15               40170489 
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Table B.19 Analysis of Variance for potassium concentration in sunflower roots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                        P 
 
Arsenic                       1                 210569339            210569339         0.87                0.371 
Bacteria                      1                 381797                   381797                0.00                0.969 
Interaction                 1                 191673988            191673988         0.79                 0.392 
Error                          12                2920252911           243354409 
Total                           15                3322878035 
 
 
Table B.20 Analysis of Variance for potassium concentration in sunflower roots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                           P 
 
Zinc                             1                 172267134            172267134          1.56                    0.235 
Bacteria                      1                 37315452              37315452           0.34                    0.571 
Interaction                 1                 50667383             50667383          0.46                    0.511 
Error                          12                1322208443         110184037 
Total                           15                1582458413 
 
 
Table B.21 Analysis of Variance for potassium concentration in sunflower roots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Nickel                         1                  840149935          840149935          7.11                  0.021 
Bacteria                      1                  913567551            913567551            7.73                 0.017 
Interaction                1                  288950362          288950362          2.45                0.144 
Error                         12                 1417774323          118147860 
Total                         15                  3460442171 
 
 
Table B.22 Analysis of Variance for calcium concentration in sunflower roots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Arsenic                       1                 161247394             161247394         0.53                 0.480 
Bacteria                      1                 674181874             674181874         2.22                0.162 
Interaction                 1                3070990966          3070990966    10.12               0.008 
Error                          12                3641115391              303426283 
Total                           15                7547535626 
 
Table B.23 Analysis of Variance for calcium concentration in sunflower roots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Zinc                             1                205800328          205800328         0.86                  0.373 
Bacteria                      1                26766422             26766422             0.11                  0.744 
Interaction                 1               1198900147          1198900147         4.99                  0.045 
Error                          12              2880879120         240073260 
Total                          15              4312346016 
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Table B.24 Analysis of Variance for calcium concentration in sunflower roots grown under two 
treatments:  nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Nickel                         1                  1678689215          1678689215       8.24                0.014 
Bacteria                      1                  541459392            541459392         2.66                0.129 
Interaction                 1                  38219968              38219968           0.19               0.673 
Error                          12                 2445502950         203791912 
Total                           15                 4703871524 
 
 
Table B.25 Analysis of Variance for manganese concentration in sunflower roots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Arsenic                     1                       9.328                 9.328                 0.22                    0.648 
Bacteria                    1                       9.328                 9.328                 0.22                    0.648 
Interaction               1                       247.763             247.763             5.84                    0.033 
Error                        12                      509.287            42.441 
Total                        15                      775.707 
 
 
Table B.26 Analysis of Variance for manganese concentration in sunflower roots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Zinc                              1                      1.292                1.2921               0.03                   0.861 
Bacteria                       1                      8.768               8.7677               0.22                   0.649 
Interaction                  1                      94.580            94.5799             2.35                   0.152 
Error                           12                     483.840          40.3200 
Total                            15                     588.479 
 
 
Table B.27 Analysis of Variance for manganese concentration in sunflower roots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Nickel                          1                   468.24               468.237             12.83                 0.004 
Bacteria                       1                   88.19                 88.186                2.42                  0.146 
Interaction                  1                   10.86                10.860                0.30                  0.595 
Error                            12                 437.99              36.500 
Total                             15                 1005.28 
 
 
Table B.28 Analysis of Variance for iron concentration in sunflower roots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                       P 
 
Arsenic                       1                    46068                 46068               0.87                0.368 
Bacteria                      1                    22036                22036                0.42                0.530 
Interaction                 1                    342388             342388              6.50                0.026 
Error                          12                   632338              52695 
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Total                           15                   1042830 
 
 
Table B.29 Analysis of Variance for iron concentration in sunflower roots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Zinc                            1                    22615341             22615341            39.55                0.000 
Bacteria                     1                    334925                334925                0.59                   0.459 
Interaction                1                    23981                  23981                   0.04                  0.841 
Error                         12                   6861829             571819 
Total                          15                  29836076 
 
 
Table B.30 Analysis of Variance for iron concentration in sunflower roots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Nickel                          1                     12664                12664                  0.13                    0.727 
Bacteria                      1                      167997              167997                1.70                    0.217 
Interaction                 1                      104789             104789               1.06                    0.324 
Error                           12                    1188292            99024 
Total                            15                    1473742 
 
 
Table B.31 Analysis of Variance for copper concentration in sunflower roots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Arsenic                      1                   0.552                   0.5523               0.02                     0.891 
Bacteria                     1                   19.460                 19.4597             0.69                     0.421 
Interaction                1                   0.138                   0.1378               0.00                     0.945 
Error                          12                 336.521              28.0434 
Total                           15                 356.671 
 
 
Table B.32 Analysis of Variance for copper concentration in sunflower roots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Zinc                              1                  1766.69               1766.69             36.08                   0.000 
Bacteria                       1                  0.27                     0.27                    0.01                      0.942 
Interaction                  1                  12.42                   12.42                  0.25                      0.624 
Error                           12                 587.59                 48.97 
Total                            15                 2366.96 
 
 
Table B.33 Analysis of Variance for copper concentration in sunflower roots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                        P 
 
Nickel                          1                    730.59               730.589              9.36                 0.010 
Bacteria                       1                    0.67                   0.671                   0.01                 0.928 
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Interaction                  1                   10.37                  10.373                 0.13                 0.722 
Error                           12                  936.16                78.014 
Total                            15                 1677.80 
 
 
Table B.34 Analysis of Variance for arsenic concentration in sunflower roots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                        P 
 
Arsenic                       1                   68409.6               68409.6             86.21                0.000 
Bacteria                      1                   103.1                     103.1                   0.13                  0.725 
Interaction                 1                   103.1                     103.1                  0.13                   0.725 
Error                          12                  9522.6                  793.5 
Total                           15                  78138.3 
 
 
Table B.35 Analysis of Variance for arsenic concentration in sunflower roots grown under two 
treatments: zinc and bacteria.  
 
 
Source                    DF                   SS                    MS                     F                   P 
 
Zinc                             1                      0                            0                          *                   * 
Bacteria                      1                      0                            0                          *                   * 
Interaction                 1                      0                            0                          *                   * 
Error                          12                     0                            0 
Total                           15                     0 
 
 
Table B.36 Analysis of Variance for arsenic concentration in sunflower roots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                   P 
 
Nickel                          1                      0                           0                          *                   * 
Bacteria                      1                      0                            0                          *                   * 
Interaction                 1                      0                            0                          *                   * 
Error                          12                     0                            0 
Total                           15                     0 
 
 
Table B.37 Analysis of Variance for zinc concentration in sunflower roots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                        P 
 
Arsenic                       1                     3628.6               3628.6               2.09                   0.174 
Bacteria                      1                     7006.7               7006.7               4.03                   0.068 
Interaction                 1                    13553.8              13553.8              7.79                   0.016 
Error                          12                   20867.2             1738.9 
Total                           15                  45056.2 
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Table B.38 Analysis of Variance for zinc concentration in sunflower roots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                        P 
 
Zinc                            1                   33269655            33269655        518.59                 0.000 
Bacteria                     1                    700211               700211             10.91                      0.006 
Interaction                1                   646531               646531             10.08                     0.008 
Error                          12                 769856               64155 
Total                           15                 35386253 
 
 
Table B.39 Analysis of Variance for zinc concentration in sunflower roots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                        P 
 
Nickel                          1                  4460.9               4460.90              1.62                   0.227 
Bacteria                      1                  142.9                  142.90                  0.05                  0.823 
Interaction                 1                  1995.3               1995.30                0.73                   0.411 
Error                          12                 32944.5            2745.38 
Total                          15                  39543.6 
 
 
Table B.40 Analysis of Variance for nickel concentration in sunflower roots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                  P 
 
Arsenic                        1                   0.05059           0.050590            0.10             0.758 
Bacteria                      1                    0.50708          0.507079             0.99             0.338 
Interaction                 1                    0.04648         0.046482             0.09             0.768 
Error                          12                   6.12300          0.510250 
Total                           15                   6.72715 
 
 
Table B.41 Analysis of Variance for nickel concentration in sunflower roots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                      P 
 
Zinc                             1                     2.4329             2.43289              1.89                  0.195 
Bacteria                      1                    0.0191              0.01907               0.01                 0.905 
Interaction                 1                   0.4027              0.40272               0.31                 0.586 
Error                          12                  15.4650             1.28875 
Total                           15                  18.3197 
 
 
Table B.42 Analysis of Variance for nickel concentration in sunflower roots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                        P 
 
Nickel                         1                    1353468           1353468              108.70              0.000 
Bacteria                     1                     5792                  5792                    0.47                   0.508 
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Interaction                1                     5868                 5868                   0.47                    0.505 
Error                          12                   149415              12451 
Total                          15                    1514543 
 
 
Table B.43 Analysis of Variance for sodium concentration in sunflower shoots grown under two 
treatments: arsenic and bacteria. 
 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Arsenic                        1                   2293642            2293642             1.35                    0.267 
Bacteria                       1                    628186              628186              0.37                     0.554 
Interaction                 1                    504083             504083              0.30                     0.595 
Error                         12                   20321963         1693497 
Total                          15                   23747875 
 
 
Table B.44 Analysis of Variance for sodium concentration in sunflower shoots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                       P 
 
Zinc                              1                    10631               10631                 0.03                  0.871 
Bacteria                       1                   363484            363484              0.94                  0.352 
Interaction                  1                   469898           469898              1.21                   0.293 
Error                           12                 4652473           387706 
Total                            15                 5496486 
 
 
Table B.45 Analysis of Variance for sodium concentration in sunflower shoots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                      P 
 
Nickel                         1                   1447262             1447262              2.79                0.121 
Bacteria                     1                   3007                    3007                   0.01                 0.941 
Interaction                1                   771                       771                       0.00                0.970 
Error                         12                 6230116              519176 
Total                         15                  7681155 
 
 
Table B.46 Analysis of Variance for magnesium concentration in sunflower shoots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                       P 
 
Arsenic                       1                  2054877             2054877              1.24               0.288 
Bacteria                      1                  2449994            2449994              1.48              0.248 
Interaction                 1                  7753834            7753834               4.67              0.052 
Error                          12                 19907606         1658967 
Total                           15                 32166312 
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Table B.47 Analysis of Variance for magnesium concentration in sunflower shoots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                       P 
 
Zinc                             1                    31608                 31608                 0.01                  0.910 
Bacteria                      1                    3385196             3385196             1.44                  0.254 
Interaction                 1                    9358798            9358798             3.98                 0.069 
Error                          12                   28250897          2354241 
Total                          15                    41026499 
 
 
Table B.48 Analysis of Variance for magnesium concentration in sunflower shoots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                      P 
 
Nickel                          1                 85711078             85711078             123.91           0.000 
Bacteria                      1                 311807                  311807                 0.45               0.515 
Interaction                 1                436825                 436825                 0.63              0.442 
Error                          12               8300788              691732 
Total                          15                94760499 
 
 
Table B.49 Analysis of Variance for potassium concentration in sunflower shoots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                      P 
 
Arsenic                       1                209044102          209044102          1.85              0.199 
Bacteria                      1                62759550            62759550             0.56              0.471 
Interaction                 1                77943781             77943781             0.69              0.423 
Error                          12               1356641357         113053446 
Total                          15                1706388789 
 
 
Table B.50 Analysis of Variance for potassium concentration in sunflower shoots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                      P 
 
Zinc                             1                 266227846        266227846          1.13                  0.309 
Bacteria                      1                 12051590           12051590             0.05                0.825 
Interaction                 1                 19167103           19167103              0.08                0.781 
Error                          12                2836183565      236348630 
Total                           15                3133630104 
 
Table B.51 Analysis of Variance for potassium concentration in sunflower shoots grown under two 
treatments: nickel and bacteria. 
 
Source                    DF                   SS                    MS                     F                       P 
 
Nickel                         1               4503817868     4503817868         33.04                 0.000 
Bacteria                     1               1750210             1750210                 0.01                    0.912 
Interaction                1               173447               173447                   0.00                   0.972 
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Error                         12              1635529163       136294097 
Total                         15              6141270688 
 
 
Table B.52 Analysis of Variance for calcium concentration in sunflower shoots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                       P 
 
Arsenic                       1              325556254        325556254             3.85                  0.073 
Bacteria                      1              5067665            5067665                 0.06                  0.811 
Interaction                 1             10492077           10492077               0.12                   0.731 
Error                           12           1015485914        84623826 
Total                           15            1356601909 
 
 
Table B.53 Analysis of Variance for calcium concentration in sunflower shoots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                        P 
 
Zinc                              1                  295941                295941                0.01                 0.942 
Bacteria                       1                 39802156            39802156           0.73                 0.409 
Interaction                  1                 53244677            53244677           0.98                 0.342 
Error                           12                653057748          54421479 
Total                            15                746400522 
 
 
Table B.54 Analysis of Variance for calcium concentration in sunflower shoots grown under two 
treatments:  nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                       P 
 
Nickel                          1                 151175201             151175201          3.93                 0.071 
Bacteria                       1                1823992                1823992             0.05                 0.831 
Interaction                  1                131444                   131444                0.00                0.954 
Error                           12               461020025           38418335 
Total                            15               614150663 
 
 
Table B.55 Analysis of Variance for manganese concentration in sunflower shoots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                        P 
 
Arsenic                        1                     70.29               70.2905              0.75                  0.404 
Bacteria                       1                     37.18               37.1807               0.40                  0.541 
Interaction                  1                     80.35              80.3475              0.86                  0.373 
Error                           12                    1125.91           93.8256 
Total                            15                    1313.73 
 
 
Table B.56 Analysis of Variance for manganese concentration in sunflower shoots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                        P 
 
Zinc                              1                     0.23                  0.232                  0.00                  0.968 
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Bacteria                       1                     363.45             363.455               2.61                   0.132 
Interaction                  1                     16.03               16.026                 0.11                    0.740 
Error                         12                    1672.68              139.390 
Total                          15                    2052.40 
 
 
Table B.57 Analysis of Variance for manganese concentration in sunflower shoots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Nickel                          1                     0.23                   0.232                  0.00                 0.968 
Bacteria                      1                     363.45               363.455               2.61                  0.132 
Interaction                 1                     16.03                 16.026                 0.11                   0.740 
Error                           12                   1672.68             139.390 
Total                            15                   2052.40 
 
 
Table B.58 Analysis of Variance for iron concentration in sunflower shoots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Arsenic                       1                      13821.8             13821.8              2.89                   0.115 
Bacteria                      1                      2883.0              2883.0               0.60                  0.452 
Interaction                 1                      698.0                698.0                 0.15                   0.709 
Error                           12                    57295.9            4774.7 
Total                            15                    74698.7 
 
 
Table B.59 Analysis of Variance for iron concentration in sunflower shoots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Zinc                              1                      15756               15756.3               2.40                  0.147 
Bacteria                       1                      5760                 5760.1                0.88                  0.367 
Interaction                  1                      24339              24338.9              3.71                   0.078 
Error                            12                    78765              6563.7 
Total                             15                   124620 
 
 
Table B.60 Analysis of Variance for iron concentration in sunflower shoots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Nickel                         1                     6803.6                6803.58              8.16                  0.014 
Bacteria                     1                      1878.9                 1878.92              2.25                  0.159 
Interaction                1                      1351.8                 1351.83               1.62                  0.227 
Error                         12                     10002.7              833.56 
Total                          15                     20037.0 
 
 
Table B.61 Analysis of Variance for copper concentration in sunflower shoots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                          P 
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Arsenic                        1                    38.592              38.5924               2.63                     0.131 
Bacteria                       1                    2.039                2.0389                 0.14                     0.716 
Interaction                  1                    3.127                 3.1265                  0.21                    0.653 
Error                           12                   176.259            14.6882 
Total                            15                   220.016 
 
 
Table B.62 Analysis of Variance for copper concentration in sunflower shoots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                        P 
 
Zinc                              1                   408.386             408.386            33.85                 0.000 
Bacteria                       1                   3.404                  3.404                 0.28                   0.605 
Interaction                  1                   4.776                  4.776                  0.40                   0.541 
Error                           12                  144.776              12.065 
Total                            15                  561.342 
 
 
Table B.63 Analysis of Variance for copper concentration in sunflower shoots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Nickel                          1                    75.350                75.3503              8.25                   0.014 
Bacteria                      1                    2.364                  2.3636                 0.26                  0.620 
Interaction                 1                    1.433                  1.4331                  0.16                   0.699 
Error                          12                   109.539             9.1283 
Total                          15                    188.686 
 
 
Table B.64 Analysis of Variance for arsenic concentration in sunflower shoots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                       P 
 
Arsenic                        1                    155.990             155.990              5.83                0.033 
Bacteria                       1                    4.479                 4.479                  0.17                 0.690 
Interaction                  1                    4.479                4.479                   0.17                0.690 
Error                           12                   321.092            26.758 
Total                            15                   486.039 
 
 
Table B.65 Analysis of Variance for arsenic concentration in sunflower shoots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                      P 
 
Zinc                             1                         0                        0                         *                         * 
Bacteria                      1                         0                        0                         *                         * 
Interaction                 1                         0                       0                          *                         * 
Error                          12                        0                       0 
Total                          15                         0 
 
 
Table B.66 Analysis of Variance for arsenic concentration in sunflower shoots grown under two 
treatments: nickel and bacteria.  
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Source                    DF                   SS                    MS                     F                      P 
 
Nickel                         1                         0                        0                         *                         * 
Bacteria                      1                         0                        0                         *                         * 
Interaction                 1                         0                       0                          *                         * 
Error                          12                        0                        0 
Total                          15                         0 
 
 
Table B.67 Analysis of Variance for zinc concentration in sunflower shoots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                        P 
 
Arsenic                       1                   1262.43               1262.43              3.34                   0.092 
Bacteria                      1                   168.86                 168.86               0.45                    0.516 
Interaction                 1                   108.03                108.03               0.29                    0.602 
Error                          12                 4530.37               377.53 
Total                           15                 6069.69 
 
 
Table B.68 Analysis of Variance for zinc concentration in sunflower shoots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Zinc                              1                  4169203               4169203            373.52                0.000 
Bacteria                       1                  11817                     11817                  1.06                    0.324 
Interaction                  1                  17449                    17449                1.56                     0.235 
Error                           12                 133944                 11162 
Total                            15                 4332414 
 
 
Table B.69 Analysis of Variance for zinc concentration in sunflower shoots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Nickel                          1                    892.47              892.468              3.21                    0.099 
Bacteria                       1                    27.49                27.485                 0.10                    0.759 
Interaction                  1                    819.74              819.742               2.95                    0.112 
Error                           12                   3338.14            278.179 
Total                            15                   5077.84 
 
 
Table B.70 Analysis of Variance for nickel concentration in sunflower shoots grown under two 
treatments: arsenic and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                        P 
 
Arsenic                       1                    0.1580              0.15798                0.11                   0.740 
Bacteria                      1                    0.2457              0.24571                0.18                  0.680 
Interaction                 1                    5.3208              5.32077               3.87                  0.073 
Error                          12                   16.4907             1.37422 
Total                           15                   22.2152 
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Table B.71 Analysis of Variance for nickel concentration in sunflower shoots grown under two 
treatments: zinc and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                        P 
 
Zinc                             1                     0.0123               0.01232             0.01                  0.913 
Bacteria                      1                     0.6409              0.64095             0.64                 0.438 
Interaction                 1                     1.0209               1.02090            1.02                   0.331 
Error                          12                    11.9602             0.99668 
Total                           15                    13.6343 
 
 
Table B.72 Analysis of Variance for nickel concentration in sunflower shoots grown under two 
treatments: nickel and bacteria. 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Nickel                           1                  245478              245478              1021.49                0.000 
Bacteria                       1                   1553                   1553                   6.46                      0.026 
Interaction                  1                   1699                  1699                   7.07                      0.021 
Error                           12                  2884                 240 
Total                            15                 251614 
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Appendix C 
 
Testing the effects of Bradyrhizobium japonicum on the 
tolerance of soybean to arsenic and salinity in solution culture 
 
 
 Table C.1 Analysis of Variance for dry weight of soybean roots grown under three treatments: 
arsenic, bacteria and salinity. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Arsenic                      1                0.030381             0.030381             3.16                      0.086 
Bacteria                    1                 0.005101             0.005101              0.53                      0.473 
Salinity                     1                 0.002701            0.002701              0.28                     0.600 
Error                       28                0.269355             0.009620 
Total                        31                0.307538 
 
 
Table C.2 Analysis of Variance for dry weight of soybean shoots grown under three treatments: 
arsenic, bacteria and salinity. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Arsenic                       1                    0.11400            0.11400               2.03                      0.165 
Bacteria                      1                    0.02101            0.02101               0.38                     0.545 
Salinity                       1                    0.00813            0.00813              0.15                      0.706 
Error                         28                    1.56864            0.05602 
Total                          31                    1.71179 
 
 
Table C.3 Analysis of Variance for siderophore concentration of soybean root exudate solution grown 
under three treatments: arsenic, bacteria and salinity. 
 
 
Source                    DF                   SS                    MS                     F                           P 
 
Arsenic                       1                      21.62                 21.62                  2.24                      0.146 
Bacteria                      1                      218.68              218.68               22.66                   0.000 
Salinity                       1                      738.80              738.80              76.55                    0.000 
Error                         28                     270.22              9.65 
Total                          31                     1249.33 
 
 
Table C.4 Analysis of Variance for arsenic concentration in soybean shoots grown under three 
treatments: arsenic, bacteria and salinity. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Arsenic                        1                    159.758             159.758               243.03               0.000 
Bacteria                       1                    0.195                  0.195                  0.30                    0.590 
Salinity                        1                    3.445                  3.445                  5.24                    0.030 
Error                           28                  18.406                0.657 
Total                            31                  181.805 
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Table C.5 Analysis of Variance for iron concentration in soybean shoots grown under three 
treatments: arsenic, bacteria and salinity. 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Arsenic                       1                      4163                  4163                    3.91                     0.058 
Bacteria                      1                      488                   488                      0.46                    0.504 
Salinity                        1                      657                   657                       0.62                   0.439 
Error                          28                    29816               1065 
Total                           31                    35124 
 
 
Table C.6 Analysis of Variance for sodium concentration in soybean shoots grown under three 
treatments: arsenic, bacteria and salinity. 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Arsenic                        1                    0.0409              0.0409                0.56                     0.461 
Bacteria                       1                    0.2044              0.2044                 2.79                    0.106 
Salinity                        1                    15.5647             15.5647                212.18                0.000 
Error                           28                   2.0540             0.0734 
Total                            31                    17.8640 
 
 
Table C.7 Analysis of Variance for phosphorus concentration in soybean shoots grown under three 
treatments: arsenic, bacteria and salinity. 
 
 
Source                    DF                   SS                    MS                     F                         P 
 
Arsenic                        1                  0.07960             0.07960              0.94                    0.340 
Bacteria                       1                  0.01099             0.01099               0.13                     0.721 
Salinity                         1                 1.32031               1.32031                15.65                  0.000 
Error                            28               2.36213               0.08436 
Total                             31               3.77303 
 
 
Table C.8 Analysis of Variance for nitrogen concentration in soybean shoots grown under three 
treatments: arsenic, bacteria and salinity. 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Arsenic                        1                   0.09680           0.09680            2.32                        0.139 
Bacteria                       1                   0.00020           0.00020           0.00                       0.945 
Salinity                        1                   0.11520             0.11520              2.76                       0.108 
Error                           28                 1.16779              0.04171 
Total                            31                 1.37999 
 
 
 
Table C.9 Analysis of Variance for root nodules of soybean grown under three treatments: arsenic, 
bacteria and salinity. 
 
 
Source                    DF                   SS                    MS                     F                          P 
 
Arsenic                        1                 14.063                14.063                 17.31                     0.001 
Salinity                        1                 203.063            203.063               249.92                 0.000 
Interaction                 1                  7.563                 7.563                    9.31                       0.010 
Error                          12                 9.750                 0.813 
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Total                           15                234.438 
 
 
Table C.10 Analysis of Variance for active root nodules of soybean grown under three treatments: 
arsenic, bacteria and salinity. 
 
 
Source                    DF                   SS                    MS                     F                           P 
 
Arsenic                       1                      106.4                106.4                   0.98                     0.341 
Salinity                       1                      13481.8            13481.8               124.36                0.000 
Interaction                1                      106.4                 106.4                   0.98                    0.341 
Error                          12                    1300.9               108.4 
Total                           15                    14995.6 
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